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ABSTRACT 
GENETICS AND BIOCHEMISTRY OF INSECTICIDE RESISTANCE 
IN THE COLORADO.POTATO BEETLE 
MAY 1991 
JOSEPH A. ARGENTINE, B.S. ALLEGHENY COLLEGE 
M.S. UNIVERSITY OF MASSACHUSETTS 
Ph.D. UNIVERSITY OF MASSACHUSETTS 
Directed by: Professor J. Marshall Clark 
The purpose of this dissertation was to determine the 
biochemical mechanisms of azinphosmethyl, permethrin, and 
abamectin resistance in the Colorado potato beetle 
(Leptinotarsa decemlineata (Say)) in the hope that this 
information may be used to construct resistance management 
strategies. Chromogenic substrates, as well as the in vivo 
and in vitro metabolism of the three radiolabelled 
insecticides, were used to determine the metabolic and 
pharmocokinetic differences of the strains. Azinphosmethyl 
resistance was due to reduced penetration of azinphosmethyl, 
increased monooxygenase activity towards azinphosmethyl, and 
altered acetylcholinesterase. Monooxygenase activity 
appears to be the most important mechanism in 
azinphosmethyl-resistance, but reduced penetration and 
altered acetylcholinesterase probably have significant roles 
in the high level of azinphosmethyl-resistance in CPB. 
Permethrin-resistance appears to be due to increased 
carboxylesterase activity and site-insensitivity. An 
increased level of carboxylesterase activity was apparent 
from a higher Vmax towards carboxylesterase substrates and 
increased hydrolytic metabolites of permethrin. This 
carboxylesterase is membrane-associated. An isogenic 
permethrin-resistant strain was determined to be cross- 
resistant to DDT, indicating site-insensitivity was another 
mechanism involved in permethrin-resistance. Abamectin- 
resistance in two strains was determined to be polygenic. 
Both strains exhibited high levels of synergism to PBO and 
moderate levels to DEF. Both strains had elevated levels of 
cytochrome P450 and oxidative abamectin metabolites in vivo 
and in vitro. This is the probable reason for the higher 
levels of excreted compound in the abamectin-resistant 
strains. Carboxylesterase activity was greatly increased in 
the abamectin-resistant strains. Carboxylesterases may 
hydrolyze or sequester abamectin in the resistant strains. 
• • • 
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CHAPTER I 
INTRODUCTION 
Colorado Potato Beetle 
The Colorado potato beetle (CPB; Leptinotarsa 
decemlineata (Say)) is one of the most harmful pests of 
potato, particularly in the northeast United States. It is 
also a paradigm of insecticide resistance, invariably being 
one of the first agricultural pests to develop resistance to 
any new insecticide class. Despite the importance of this 
pest, and the intriguing aspect of the rapidity of 
resistance development in CPB, few papers have been 
published on the biochemical mechanisms of resistance in 
CPB. Rose and Brindley (1985) found increased levels of 
NADPH-dependant cytochrome c reductase in carbaryl-resistant 
CPB, although the relationship of this increase in activity 
to carbary1-resistance was not proven. Enhanced excretion 
of carbary1 or carbaryl metabolites in the resistant strain 
was also demonstrated. Soderlund et al. (1987) identified 
alkyl-hydroxylation, ester cleavage, and a unique diphenyl 
ether cleavage as the major metabolic pathways of 
fenvalerate metabolism in CPB. 
Azinphosmethvl 
Azinphosmethyl has been used extensively in CPB 
control, and numerous cases of resistance have been cited in 
different locales (Hare 1980, Harris and Svec 1981, 
2 
Argentine et al. 1989a). Although not as well studied as 
other organophosphate insecticides such as malathion and 
parathion, some azinphosmethyl resistance mechanisms in 
other insects have been elucidated. In some of these cases, 
resistance is at an extremely high level and involves a 
number of different mechanisms within a single strain. 
Detoxification of azinphosmethyl by glutathione-S- 
transferase (GST) appears to be the most common resistance 
mechanism. Enhanced GST activity and increased metabolites 
have been demonstrated in a predacious mite Neoseiulus 
fallacis (Motoyama et al. 1971), house fly (Motoyama and 
Dauterman 1972a), tufted apple budmoth (Wells et al. 1983), 
and light brown apple moth (Armstrong and Suckling 1988) . 
Enhanced hydrolytic activity has been demonstrated in two 
azinphosmethyl-resistant strains, although hydrolytic 
azinphosmethyl metabolites were not analyzed in these 
studies (Armstrong and Suckling 1988, Motoyama et al. 1971). 
Altered acetylcholinesterase has also been implicated in 
azinphosmethyl resistance (Abner and Overmeer 1988) . 
Enhanced oxidative activity has been found in two 
azinphosmethyl-resistant strains (Armstrong and Suckling 
1990, Motoyama and Dauterman 1972a), although tolerant fifth 
instar larvae of the tufted apple budmoth have reduced 
levels of cytochrome P450 compared to susceptible third 
instar larvae. In this case, the reduced level of 
cytochrome P450 prevented activation of azinphosmethyl to 
the toxic oxon form (Wells et al. 1983). 
3 
Azinphosmethyl resistance appears to be fixed in a 
Massachusetts strain of CPB at a high level (435-fold) 
(Argentine et al. 1989a). It is felt that the study of the 
resistant mechanism(s) in CPB to azinphosmethyl may yield 
clues for resistant management of new compounds. In the 
aforementioned study (Argentine et al. 1989a), there was 
little or no synergism to three different metabolic 
synergists. Backcrosses of the resistant strain indicated 
that azinphosmethyl resistance may be polyfactorial or due 
to one major factor with other contributing minor factors. 
Azinphosmethyl resistance in the light brown moth, house 
fly, and tufted apple budmoth also appears to involve a 
number of factors, although in the case of the light brown 
moth only a single regulatory gene may be involved. 
Azinphosmethyl resistance factors in CPB also have 
pleotrophic effects of causing reduced fecundity and 
increased development time in a backcrossed isogenic 
azinphosmethyl-resistant strain (Argentine et al. 1989b). 
Permethrin 
The introduction of pyrethoids in the 1970*s was 
quickly followed by resistance development in a number of 
species (Georghiou 1986). CPB was one of the first insects 
to develop resistance to permethrin and other pyrethroids 
(Forgash 1981) . There are several established permethrin- 
resistance mechanisms which have been observed in a variety 
4 
of insects. Decreased cuticular penetration has been 
demonstrated in the house fly (DeVries and Georghiou 1981, 
Scott and Georghiou 1986) and tobacco budworm (Little et al 
1989). This mechanism appears to have relatively little 
effect by itself but, as in the case of other insecticides, 
potentiates other resistance mechanisms (Plapp and Hoyer 
1968) . 
-l 11 a Decreased nerve sensitivity has been demonstrated ... 
number of permethrin-resistant house fly strains (Farnham 
1973, DeVries and Georghiou 1981, Nicolson and Sawicki 1982) 
Decreased nerve sensitivity has also been demonstrated in a 
number of permethrin-resistant insect species, including 
Blattella germanica (Scott and Matsumura 1981), Heliothis 
armigera (Ahmad et al. 1989) and Spodoptera littoralis 
(Gammon 1980). Cross-resistance between DDT and pyrethroids 
due to nerve insensitivity has been a well studied 
Phenomenon (Farnham 1973, Scott and Matsumura 1981, Ahn et 
al. 1938). Both insecticides act at voltage-gated ion 
channels, so an alteration of this site would effect the 
toxicity of both insectides. Depending on the strain being 
studied, resistance to pyrethroids oar, v, 
fyiecnroids can be moderate (Miller 
et al. 1983) or extremely high (Ahn et al. 1988). In some 
instances, site-insensitivity can be greatly antagonized by 
metabolic or penetration factors (rri„ i 
tors (Gngolo and Openoorth 
1966, Scott and Georghiou 1986). 
Esterases are another common and well studied 
permethrin-resistance mechanism, often throuch • / tji.uen cnrough increased 
5 
levels of esterase content. Pyrethroid hydrolases have been 
shown to exhibit broad cross-resistance to many insecticides 
(Devonshire and Moores 1982) and pyrethroid-resistant 
strains have also shown increased activity towards 
chromogenic substrates (Riskallah 1983, Delorme et al. 
1988). In at least one other case, however, a permethrin 
hydrolase was not associated with a-napthyl acetate 
hydrolysis (Dowd and Sparks 1986). A diversity of 
pyrethroid hydrolase characteristics is also seen by 
inhibition studies. Tetraethyl pyrophosphate (TEPP) 
partially inhibited a permethrin hydrolase from Amblyseius 
fallacis (Chang and Whalon 1986) but had no effect on a 
permethrin hydrolase in Pseudoplusia includens (Dowd and 
Sparks 1987). 
Oxidative metabolism of pyrethroids and permethrin is 
also important in many cases of pyrethroid resistance. Many 
studies have shown that piperonyl butoxide (PBO) synergizes 
pyrethroids in both susceptible (Argentine et al. 1989a) and 
pyrethroid resistant insects (Liu et al. 1981, Bull et al. 
1988). In some cases, oxidative pyrethroid resistance 
mechanisms have overcome PBO synergism (Hung and Sun 1989) 
PBO can also synergize pyrethroids in CPB (Soderlund et al. 
1983, Silcox et al. 1985, Argentine et al. 1989a), although 
some strains of CPB have also developed resistance to PBO- 
synergized pyrethroids (Georghiou 1986). Oxidative 
metabolism of pyrethroids has been shown to be a resistance 
mechanism by a number of techniques. These techniques 
6 
include identifying radiolabelled metabolites (Little et al. 
1989), chromogenic assays (Hung and Sun 1989), immunological 
assays (Wheelock and Scott 1990), or combinations of these 
technigues (Scott and Georghiou 1986). Metabolic oxidation 
of pyrethroids usually involves hydroxylation at the gem- 
methyl, alcohol moieties or ester cleavage (Little et al. 
1989) . 
Argentine et al. (1989a) found that permethrin 
resistance in a Massachusetts strain of CPB was sex-linked 
and exhibited a high level of synergism to both S,S,S,- 
tributyl phosphorotrithioate (DEF) and PBO. This strain was 
also shown to be cross-resistant to the pyrethroids 
fenvalerate and cyfluthrin. An isogenic strain bred from 
the Massachusetts strain was resistant to permethrin at a 
reduced level compared to the Massachusetts strain (19-fold 
versus 55-fold resistance) but also exhibited sex-linked 
inheritance of permethrin resistance and exhibited a high 
level of synergism to PBO and DEF. 
Abamectin 
The avermectins are novel insecticides and drugs that 
have had tremendous impact in veterinary medicine and whose 
potential in human medicine and insect control is enormous 
(Putter et al. 1981, Campbell et al. 1983). It is therefore 
vitally important that resistant management strategies be 
devised prior to the appearance of resistance in the field 
7 
when it is too late to preserve a species' susceptibility. 
Developing abamectin-resistant insect strains in the 
laboratory would greatly assist in the development of such 
programs. Resistance management strategies (i.e., proper 
mixture and rotation schemes, use of synergists and compound 
with negative cross-resistance) and accurate, sensitive, 
biochemical monitoring schemes (fFrench-Constant and 
Devonshire 1988, Field et al. 1989) could be developed 
before commercial use of abamectin. 
In a previous study, selection for abamectin resistance 
in Tetranychus urticae was unsuccsessful (Hoy and Conley 
1987), although selection of Metaseiulus occidentalis 
resulted in modest levels of resistance (Hoy and Ouyang 
1989) . No cross-resistance to abamectin could be detected 
in resistant strains of Musca domestica (Roush and Wright 
1986), cockroach (Cochran 1990), or CPB (Argentine and Clark 
1990) . However, cross-resistance to abamectin in house fly 
appears to be due to oxidative and penetration factors 
(Scott 1989). Also, a Plutella xylostella field strain 
resistant to a number of insecticides showed a low level of 
cross-resistance to abamectin (Abro et al. 1988). The major 
metabolic pathway of avermectins in mammals appears to be 
oxidative and consists of two major metabolites and a few 
minor ones (Miwa et al. 1982, Chiu et al. 1984). These 
oxidation reactions are a hydroxylation and O-demethylation 
producing 24-hydroxymethyl and 3"-desmethyl abamectin, 
respectively. Both of these metabolites 
are more polar than 
8 
the parent compound and so would be excreted faster. Also, 
hydrolysis appears to be a resistance mechanism in 
Tetranychus urticae to milbemycin, a close analog of the 
avermectins (Yamamoto and Nishida 1981, Yamamoto et al. 
1982) . Resistant mites had a high level of synergism to 
esterase inhibitors, an altered esterase zymogram, and 
inactivated milbemycin more effectively in vitro than 
susceptible mites. 
Argentine and Clark (1990) have developed two strains 
of abamectin-resistant CPB using field selection (AB-Fd 
strain) and the mutagen ethyl methanesulfonate (AB-L 
strain). The resistance factor or factors appeared to be 
autosomal and incompletely dominant. Resistance levels for 
AB-Fd and AB-L were 23-fold and 15-fold at LD50 and 38-fold 
and 21-fold at LD97, respectively. Both resistant strains 
had little mortality at lOng/larva, while this dose caused 
approximately 99% mortality in a susceptible strain . 
Although the AB-Fd strain was slightly more resistant than 
the AB-L strain, there was no significant difference between 
the slopes of the resistant strains, indicating that both 
strains may have the same resistance mechanism. The F]_ 
crosses of both abamectin-resistant strains were backcrossed 
to the SS strain for 3 generations to create isogenic 
strains (i.e., approximately 96% of the genomic background 
of these abamectin-resistant strains is derived from the 
susceptible strain). 
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The aim of this dissertation is to ascertain what the 
mechanisms of resistance are to each of these three 
insecticides and complete the population genetics (i.e. 
number of factors involved in abamectin-resistance, 
dominance level, and if these factors are sex-linked or 
autosomal) of abamectin resistance in CPB. This study will 
be useful in future work involving the molecular genetics of 
resistance in CPB. The use of isogenic strains greatly 
assists this endeavor, since any biochemical differences 
will be due to resistance mechanisms, rather than unrelated 
strain differences. 
CHAPTER II 
MATERIALS AND METHODS 
Enzvme Assays 
Insect Strains and Rearing Conditions 
A multiply-resistant strain of Colorado potato beetle 
(MA-R) was collected from potato fields in Hadley, Mass., in 
1983. A susceptible strain of Colorado potato beetle (SS) 
was supplied by G. G. Kennedy, North Carolina State 
University, Raleigh. Both strains were occasionally 
supplemented with new beetles from Massachusetts or North 
Carolina during the course of these experiments to prevent 
genetic bottlenecking. The beetles were reared in aluminum 
and fiberglass screen cages (66 by 91 by 50 cm) and fed 
•Superior' or 'Katahdin' potato plants (Solanum tuberosum 
L.). Beetle rearing conditions were 27 + 2°, 50-85% RH, and 
a photoperiod of 16:8 (L:D). Strains resistant specifically 
to azinphosmethyl and permethrin (AZ-R and PE-R, 
respectively) having genomes approximately 94% that of the 
susceptible strain were also used (Argentine et al. 1989a). 
Two abamectin-resistant strains (AB-Fd & AB-L) were bred 
using field selection and the mutagen ethyl 
methanesulfonate, respectively (Argentine and Clark 1990). 
Chemicals 
Ring-labelled [14C]Azinphosmethyl, with a specific 
activity (sp act) of 27.7 mCi/mmole, was a gift from D. M. 
11 
Soderlund of the New York State Agricultural Experiment 
Station, Geneva, NY. Azinphosmethyl and azinphosmethyloxon 
(az-oxon) were obtained through Mobay Co. (Kansas City, MO) . 
The method of Hutson et al. (1972) was used to synthesize 
desmethyl azinphosmethyl (desmethyl-az) and desmethyl 
azinphosmethyloxon (desmethyl-ox) from azinphosmethyl and 
az-oxon, respectively. Methelene-labelled [14C]trans- 
Permethrin, with a sp act of 57 mCi/mmole, was given by FMC 
Corp. (Princeton, NJ). [3H]Avermectin Bla labelled at the 
5-position (sp act 11.35mCi/umole), [14C]-24-hydroxymethyl- 
avermectin Bla (24-OH), and [14C]-3"desmethyl-avermectin Bla 
(3"desmethyl) labelled at the 3-,7-,11-,13-, and 23- 
positions (sp acts 1.4mCi/mole), were donated by Merck, 
Sharpe, and Dohme (Three Bridges, NJ). All other chemicals 
were purchased commercially and were of the highest grade 
available. 
Bioassay Procedures and Statistical Analysis 
Fourth-instar larvae (50-80mg) were used in all 
bioassays. Insecticide was dissolved in acetone and applied 
to the third dorsal abdominal segment of the larva with a 
microapplicator (Model M, ISCO, Lincoln, NB) using a 100 ul 
glass microsyringe (Hamilton Co., Reno, NV). The final 
assay concentration of insecticide was in 1.0 ul aliquots 
with a concurrent control larvae receiving only acetone. 
Metabolic synergists were applied as in Argentine et al. 
(1989a). The synergist was applied at an LD10 dose 1 hr 
12 
prior to abamectin application. The metabolic synergists 
diethyl maleate (DEM), DEF, and PBO were used to inhibit 
GST, esterase, and oxidase detoxification mechanisms, 
respectiviely. The effects of metabolic synergists were 
measured using synergist ratio (SR) and relative percent 
synergism (R%S) (Brindley and Selim 1984). 
In abamectin bioassays, up to 15 treated larvae were 
placed into a 0.473 L (1 pint) glass jar and supplied with 
cut potato stalks placed in aquapics (Aquapic, Kokomo, IN) 
containing 1/4 strength Hoagland's solution (Hoagland and 
Arnon 1950). Mortality was assessed 72 hr after treatment. 
A CPB larva was considered dead if it could not right itself 
after 1 min or weighed less than 60 mg (normal 3-4 day old 
fourth-instar larvae weigh approximately 150 mg). From 5 to 
12 dose levels of insecticide were used with each treatment 
consisting of 5-15 larvae with 4-13 replicates. Cross¬ 
resistance to DDT and dieldrin was assayed in the permethrin 
resistant and abamectin resistant strains, repectively. For 
DDT and dieldrin bioassays larvae were placed on cut potato 
slices rather than cut potato stalks. Mortality was 
assessed 48 hr after treatment. Data were subjected to 
logit analysis and a likelihood ratio test was used to test 
the hypotheses of parallelism and equality (P=0.05) (Russell 
et al. 1977, Savin et al. 1977). The number of factors 
involved in abamectin-resistance was tested by using the 
backcross method of Georgiou (1969). 
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Esterase Enzyme Preparation 
Enzyme preparation took place at 4°C. The abdomens of 
fourth-instar larvae were homogenized in Tris-base/HCl (0.2 
M), pH 7.8 (1:1 abdomen/v) containing 1% Triton X-100 for 
solubilization of membrane-bound esterases (Armstrong and 
Suckling 1988). The crude homogenate was filtered through 
gauze and centrifuged at 13,000g for 15 min. The 
supernatant was filtered through glass wool to remove lipid, 
and centrifuged at 105,000g for 1 hr. Supernatant was then 
used in esterase assays. 
Glutathione-S-transferase Enzyme Preparation 
All of the enzyme preparation took place at 4°C. The 
abdomens of fourth-instar larvae were homogenized in Tris- 
base/HCl (0.2 M), pH 7.8 (1:1 abdomen/v) containing 4 mM 
glutathione (GSH) for protection of the enzyme (Armstrong 
and Suckling 1988). The crude homogenate was filtered 
through gauze and centrifuged at 13,000g for 15 min. The 
supernatant was filtered through glass wool to remove lipid, 
and centrifuged at 105,000g for 1 hr. Supernatant was then 
used in esterase and GST assays. 
Microsome Preparation 
Preparation of microsomes was based on that of Leonova 
et al. (1986) with modifications. One hundred fourth instar 
larvae were fed potato tubers for 16 hr to purge potato leaf 
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pigments from the midgut. The abdomens of the larvae were 
homogenized in 0.2 M potassium phosphate buffer (pH 7.8) 
containing 20% glycerol, 1.0 mM ethylenediaminetetraacetic 
acid (EDTA), 0.4 mM phenyl-methylsulfonyl fluoride (PMSF), 
0.1 mM dithiothreitol (DTT), and 0.028 mM epoxysuccinyl-L- 
leucylamido-(4-guanidino)-butane (E-64) with a Potter- 
Elvehjem homogenizer for ten strokes. The cysteine 
specific-protease inhibitor E-64 (Murdock et al. 1987, Thie 
and Houseman 1990) proved to be vital for stabilizing P450 
from CPB homogenates. The crude homogenate was filtered 
though gauze and centrifuged at 13,000g for 15 min. The 
pellet was discarded and the supernatant was then 
centrifuged at 105,000gr for 1 hr. The supernatant was 
discarded and the pellet resuspended in 10 ml of 0.05 M 
Tris-base/HCl (pH 7.9) containing 20% glycerol. The 
resulting protein concentration was approximately 2-4 mg/ml. 
All protein concentrations were determined by the method of 
Smith et al. (1985). 
Cytochrome P450 and P420 were assayed following Omura 
and Sato (1964) as modified by Jesudason et al. (1988) . 
Sodium dithionite was added to the microsomes to a 
concentration of approximately 1 mg/ml and the microsomes 
divided between two cuvettes in a Shimadzu 210UV double-beam 
spectrophotometer. Carbon monoxide was bubbled for 15 s in 
one cuvette, and the difference recorded. Cytochrome P450 
was determined using the extinction coefficient of 91 cm"1 
mM 1 for absorbance differences between 450 and 490 nm and 
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]P420 was determined using the extinction coefficient 110 
cm-1 mAf”1 between 42 0 and 490 nm. 
The microsomal cytochrome bs concentration was measured 
from the difference spectrum between 410 and 425 nm between 
sodium dithionite-reduced and untreated microsomes. The 
cytochrome bs molar concentration was calculated from the 
extinction coefficient 185 cm"1 m(Omura and Takesue 
1970). 
NADPH-Dependant Cytochrome C Reductase Assay 
The specific activity of microsomal cytochrome c 
reductase was assayed by measuring the rate of reduction of 
cytochrome c. The microsomes in this assay were resuspended 
in 300 mM potassium phosphate buffer (pH 7.6), and 0.25 ml 
microsome suspension was added to 0.75 ml of the phosphate 
buffer. This was incubated for 5 min at 32°C. A reaction 
mixture was prepared such that the final assay 
concentrations were: 50 uM cytochrome c, 0.25 mM NADP, 2.5 
mM glucose-6-phosphate, and 2 units of glucose-6-phosphate 
dehydrogenase. The reference cuvette contained only the 
microsome suspension and cytochrome c. The change in 
absorbance at 550 nm was measured for 5 min at 25°C. The 
extinction coefficient was 21 cm-1 mM"1 (Omura and Takesue 
1970) . 
O-demethvlase Assays 
Two O-demethylase assays were used. The first reaction 
assay, modified from Madhukar and Matsumura (1979) consisted 
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of 1.0 ml of microsome suspension and an NADPH-regenerating 
system consisting of NADP 0.25 mM, glucose-6-phosphate 2.5 
mM, MgCl2 25 mM, and 2 units glucose-6-phosphatase in a 
final volume of 1.5 ml. The substrate, p-nitroanisole, was 
used at a final concentration of 1.5 uM (0.66% EtOH final 
cone.). Controls had CO bubbled through them for 1 min and 
were stoppered after para-nitroanisole was added. After an 
incubation of 15 min at 32°C, the reaction was stopped by 
the addition of 0.56 ml 20% of trichloroacetic acid (TCA) 
and held for 30 min at 4°C. The assay tubes were spun at 
500g for 5 min, and a 1.0 ml aliguot of the supernatant 
added to 0.5 ml of 1 N NaOH. This was held at -10°C for 30 
min and centrifuged again at 500g for 10 min. A 1.0 ml 
aliquot was taken and absorbance read at 410 nm. O- 
demethylase activity was determined using an extinction 
coefficient of 17,000 cm”1 M-1. 
Methoxyresorufin and pentoxyresorufin were also used to 
measure O-demethylase. The excitation and emission 
wavelengths of an Aminco spectrofluorometer (Silver Spring, 
MD) were set at 530 and 585 nm, respectively. The reaction 
mixture consisted of 1.9 ml of 0.1 M Tris-base/HCl (pH 7.8), 
0.2 ml of microsomes (ca. 0.4 mg protein), and 50 uM NADPH, 
to which was added either 10 ul of 1 mM methoxyresoruf in of 
pentoxyresorufin (0.5% ETOH final cone.). The rate of 
fluorescence change over time was recorded. Calibration of 
the instrument was achieved by adding 10 ul of 0.1 mM 
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resorufin to the standard reaction mixture as described in 
Mayer et al. (1977). 
oxidative Ester Cleavage Assay 
The overall ester cleavage activity of the microsomes 
was measured by the method of Kao et al. (1985), using para- 
nitrophenylacetate. A 50 ul aliquot of microsomes was added 
to 0.95 ml of 0.1 M phosphate buffer (pH 7.2) and 0.5 ml 
NADPH regenerating system as in the O-demethylase assay. 
The reaction mixture was incubated at 32^C for 5 min and 5 
ul of para-nitrophenylacetate (0.33% acetone final cone.) 
was added. The absorbance at 410 nm was monitored for 5 min. 
To assess oxidative ester cleavage activity, 0.1 mAf DEF was 
added prior to incubation at 32°C to inhibit membrane- 
associated esterases. In this assay, 200 ul of microsomes 
were added to 800 ul of 0.1 M phosphate buffer. The 
reference cuvette in both assays contained no microsomes. 
Biphenyl Hvdroxvlation Assay 
Aromatic hydroxylation was measured using biphenyl as a 
substrate in a method adapted from Yu and Ing (1984) . The 
NADPH-regenerating system was the same as in the p- 
nitroanisole O-demethylase reaction, and the substrate 
biphenyl was added at a final concentration of 1 mM (0.66% 
methyl cellosolve final cone.). The incubation was carried 
out for 30 min at 32°C and terminated with the addition of 
2.5 ml ethyl acetate. After two extractions of ethyl 
18 
acetate, the samples were dryed over anhydrous sodium 
sulfate and analyzed on a high-performance liquid 
chromatograph operated at 254 nm with a normal-phase column 
(25 cm x 5.0 mm i.d. Waters Assoc.). The column was eluted 
at 0.75 ml/min with 5% isopropyl alcohol in hexane. 
Controls consisted of boiled microsome with either 1 mM 2- 
hydroxybiphenyl or 4-hydroxybiphenyl. 
Aliesterase Assay 
Aliesterase activity was measured using 
methylthiobutyrate as the substrate (Motoyama et al. 1984) . 
The reaction mixture consisting of 1.0 ml of 0.1 M sodium 
phosphate buffer (pH 8.0) and 100 ul of 105, OOOg enzyme 
preparation, which was incubated for 5 min at 32°C. After 
the addition of 100 ul of 0.01 M 5,5 *-dithiobis(2- 
nitrobenzioc acid (DTNB) and 20 ul of 0.02 M 
methylthiobutyrate, the change in absorbance at 412 nm over 
5 min was measured. The change in absorbance was converted 
to micromoles using the extinction coefficient 13,600 cm-1M 
1 (Ellman et al. 1964) . 
Nonspecific Esterase and Carboxvlesterase Assays 
The procedure was based on that of van Asperen (1962) . 
For nonspecific esterase activity fifty ul samples of 
diluted enzyme preparation (1:49) were added to 3.0 ml of 
0.02 M sodium phosphate buffer (pH 7.0), containing a- 
naphthyl acetate (0.25mM) in 1% acetone and incubated at 
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32°C for 15 min. Alpha-naphthyl butyrate was also used 
because of increased selectivity to esterases in comparison 
to a-naphthyl acetate (fFrench-Constant et al. 1988) . To 
measure carboxylesterase activity, the reaction mixture was 
incubated with eserine (10-4 M) and 
p-hydroxymercuriobenzoate (PHMB) (10~4 M) for 10 min at 25°C 
before the addition of either a-naphthyl acetate or a- 
naphthyl butyrate. Eserine and PHMB eliminated 
cholinesterase and arylesterase activity, respectively (Yu 
et al. 1984). Hydrolysis was stopped and the color 
developed by addition of 0.5 ml of 0.3% Diazo blue B in 3.5% 
sodium lauryl sulfate. The absorbance at 605 nm was 
determined against a solution of the reaction mixture 
without enzyme. The concentration of hydrolyzed substrate 
was determined from a standard curve using a-naphthol. 
Glutathione-S-Transferase Assays 
The procedure was based on that of Habig et al. (1974) . 
The reaction mixture consisted of 8mM GSH in 0.1 M Tris- 
base/HCl (pH 9.0) and 100 ul of enzyme preparation in a 
total volume of 1 ml. This was incubated at 32°C for 5 min. 
Dichloronitrobenzene (DCNB) was added (1 mM final cone.) 
such that the final ethanol concentration was 1.25% and the 
change in absorbance at 344 nm was monitored for 5 min. A 
reference blank containing the reaction mixture without DCNB 
was used. The concentration of DCNB conjugated was 
calculated using an extinction coeffiecient of 8,500 
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cm-1M-. 
For the chlorodinitrobenzene (CDNB) assay, the reaction 
mixture consisted of 8 mM GSH in 0.1 M phosphate buffer (pH 
6.5) and 50 ul of enzyme preparation in a total volume of 1 
ml. CDNB was added and monitored at 340 nm exactly as for 
DCNB but the reference blank contained CDNB and no enzyme. 
This corrected for non-enzymatic conjugation. The 
concentration of CDNB conjugated was calculated using an 
extinction coefficient of 9,600 cm 1 M 1. 
Acetylcholinesterase Assay 
Acetylcholinesterase activity was measured using 
acetylthiocholine as substrate and detecting the released 
thiol colorimetrica1ly at 405 nm by its reaction with DTNB 
(Ellman et al. 1961). 
The preparation of the enzyme source was similar to the 
methods of Devonshire (1975). The heads of fourth instar 
[Lci^vae were ground with a mortar and pestle in 0.1 M 
phosphate buffer (pH 7.5) containing 1% Triton X-100 (5:1 
w/v) . The crude homogenate was filtered through gauze and 
centrifuged at 175,000g for 1 hr. The supernatant was 
filtered through glass wool to remove lipid and then used in 
the assay. 
The assay was based on the microtitre plate assay 
developed by Moores et al. (1988). For kinetic studies, 
lOOul of 0.1 M phosphate buffer (pH 7.5) with 1 mM DTNB was 
added to a microtiter plate and allowed to equilibrate to 
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room temperature. After incubation at 32°C for 5 min, 50 ul 
of the enzyme preparation was added to each well. The 
reaction was initiated by the addition of 20 ul 
acetylthiocholine (0.01 mM - 5.0 mM final concentrations) 
and absorbance read for 10 min. For inhibition studies, 10 
ul of each concentration of inhibitor (in EtOH) was added to 
120 ul of phosphate buffer (1 mM DTNB, 0.5 mM 
acetylthiocholine). The enzyme preparation was incubated as 
described previously and 50 ul was added to each well. All 
reactants were dispensed rapidly using an eight-channel 
micropipette (Finnpipette, Helsinki, Finland). Assays were 
performed on a Vmax kinetic microtitre plate reader 
(Molecular Devices, Palo Alto, CA). The data was then 
converted into a Lotus 123 (La Jolla, CA) for analysis 
according to Hart and Obrien 1973. 
Pharmocokinetics and In Vivo Metabolism of Azinphosmethvl 
and Permethrin 
Fourth-instar larvae fed on potato slices for 16 hr 
were dosed with [14C]azinphosmethyl in 1 ul aliquots (6.76 
nCi/larvae, 77 ng/larvae) using a 5 ul syringe (Hamilton 
Co., Reno NV). [14C]Permethrin was applied similarly (4.5 
nCi/larvae, 30 ng/larvae). Individual larvae were placed in 
20 ml vials at 22°C for 0, 1, 2, and 6 hr. Larvae were 
placed at 22°C post-insecticide application in part to make 
the larvae more sluggish and so prevent rub off of 
insecticide onto vial. At each interval, groups of 5 larvae 
were washed twice in 4 ml acetone to remove surface 
insecticide. The acetone was spun at 500gr for 10 min to 
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separate any excrement that was voided by the larvae in the 
acetone washes or any other solid material. The acetone 
washings were evaporated to dryness under nitrogen and the 
amount of unpenetrated [14C]insecticide determined in an 
emulsifier scintillator 299 fluid (Packard, Downers Grove 
IL) using a LKB-Wallac 1209 liquid scintillation 
spectrometer. The pellet was resuspended in 1 ml H20 and a 
0.5 ml aliquot taken for liquid scintillation determination. 
After the surface wash, the larvae were homogenized in 
a glass-glass homogenizer in 5 ml acetone:methanol (1:1 vol) 
and spun at 500gr for 10 min. This extraction was repeated 3 
times. In the first extraction, only a 1 ml aliquot was 
evaporated and used to determine radioactivity. This was 
done to avoid substantial quenching problems caused by CPB 
pigments. In extractions 2 and 3, all 5 ml of the extract 
were evaporated and the radioactivity counted. After the 
third extraction, 2 ml H20 was added to the pellet and a 0.5 
ml aliquot taken and counted. This was considered 
unextractable internal residue. 
Metabolites in the excrement were extracted into two 4 
ml aliquots of acetone:methanol (1:1) collected sequentially 
from the 5 holding vials. This wash was spun at 500gr and 
the solvent evaporated to dryness and counted. The 
excrement pellet was suspended in 1 ml of H20 and a 0.5 ml 
aliquot taken and counted. After the acetone:methanol 
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washes, 5 ml H20 was sequentially used to rinse each vial 
and a 0.5 ml aliquot used to determine radioactivity. The 
total radioactivity in the pellets and H20 rinses were 
considered unextractable excrement residue. Extraction 
efficiencies were greater than 90% for all procedures. 
Metabolite identification and quantification was 
accomplished by taking either internal or excrement 
acetone:methanol extracts and evaporating these to dryness. 
These samples were then partitioned three times with 2.0 ml 
chloroform and 2.0 ml H20. The chloroform phase was taken 
to dryness and redissolved in 0.5 ml acetone. A 50 ul 
aliquot was spotted on a thin-layer chromatography (TLC) 
plate (Whatman, Hillsboro, OR) and developed in an ethyl 
acetate:hexane (2:1) solvent system. The H20 phase was 
lyopholyzed in a speedvac (Savant Inst., Farmingdale, NY) 
and resuspended in 0.5 ml methanol. Fifty ul aliquots were 
spotted on TLC plates and developed in acetonitrile:h20 
(85:15) and n-butanol:acetic acid:H20 (11:4:5) (Motoyama et 
al. 1971). Azinphosmethy1, az-oxon, benzazamide, and the 
corresponding desmethyl analogs were used for metabolite 
identification. Metabolites were identified and quantitated 
using a LB 282 Bertold TLC linear analyzer. 
Permethrin metabolite identification and quantification 
was accomplished by evaporating the acetone:methanol 
extracts to dryness and resuspending in 0.5 ml 
acetone:methanol. Fifty ul aliquots were spotted on TLC 
Plates and developed in benzene:ethyl acetate (6:1), or 
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benzene:ethyl acetate:methanol (15:5:1) solvent systems 
(Gaughan et al. 1977, Chang and Jordan 1982) for the 
esterase metabolites. A solvent system consisting of 
benzene (saturated with formic acid by shaking 10 ml of 
benzene with 1 ml of 88% formic acid):ether (10:3) was used 
to identify any hydroxylation metabolites (Bigley and Plapp 
1978). Phenoxybenzy1 alcohol (PBA) and phenoxybenzyl acid 
(PBacid) were used for identification. Permethrin 
metabolites were also quantified using a Bertold TLC linear 
analyzer. 
In Vitro Metabolism of Azinphosmethyl 
Enzyme preparation was as described in the GST assay. 
The reaction mixture for the GST assay consisted of 1.0 ml 
enzyme preparation and a 0.1 ml aliquot of GSH giving a 
final concentration of 8 mM. The enzyme preparation was 
preincubated 5 min at 32°C before the addition of 33.8 nCi 
[14C]-azinphosmethyl (1.1 uM, 0.45% acetone, final cone.) 
and allowed to incubate at 32°C for 2 hr. 
Microsomes were also prepared as previously described 
except no glycerol was added to the homogenation buffer. 
The resuspension buffer consisted of 0.05 M Tris-*base/HCl 
(pH 7.9), and 0.15 M sucrose. A 0.1 ml aliquot of 
microsomes was added to the previously descibed NADPH 
regenerating system giving a final volume of 1.5 ml and 
preincubated for 5 min. [14C]Azinphosmethyl (33.8 nCi, 
0.33% acetone final cone.) was added and incubated 30 min. 
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In addition, a similar assay consisted of 0.1 ml microsomes, 
0.90 ml 105,000g supernatant, and both GSH (8 mM) and the 
NADPH-regenerating system. This attempted to determine GST 
activity towards the oxidative metabolites of azinphosmethyl 
(e.g., azin-oxon). Incubation time was 30 min. The 
reactions were incubated at 32°C for 30 min and stopped by 
the addition of 2.0 ml acetone:methanol (1:1) and extracted 
and analyzed as in the in vivo methods, except the water 
fraction was lyopholyzed to 0.5 ml H2O and 50 ul spotted on 
a TLC plate. Boiled enzyme preparations were used as the 
control in all experiments. 
In Vitro Metabolism of Permethrin 
The assays for the in vitro metabolism of permethrin 
were modified from Riddles et al. (1983). Esterase 
metabolism was measured using a 13,000g supernatant 
containing 0.02% Triton X-100, 1.0 mM EDTA, and 0.1 mM DTT. 
PBO (10-4 M, 0.66% EtOH final cone.) was added to 1.0 ml 
supernatant and the reaction mixture incubated for 5 min at 
32°C prior to the addition of 33.8 nCi [14C]permethrin (0.4 
uM, 0.66% acetone). The enzyme preparation was incubated 
for 1 hr and stopped by the addition of 250 ul of 20% TCA. 
The reaction tubes were centrifuged (500g) and the 
supernatant removed to a new tube and extracted 3x with 2.0 
ml chloroform. The remaining pellet in the reaction tube 
was further extracted with 1.0 ml hexane and 1.0 ml 
acetone:methanol (1:1). The extracts were combined, blown 
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to dryness under N2 at 40°C, and dissolved in 0.5 ml 
acetone:methanol (1:1). Hydrolytic metabolites were then 
quantified as in in vivo metabolism. 
Oxidative and hydrolytic metabolism was similarly 
measured using the microsome preparation. The reaction 
mixture for oxidative metabolism of permethrin consisted of 
1.0 ml microsomes, the NADPH regenerating system previously 
described, and diisopropyl fluorophosphate (DFP; 10 4 M) in 
carbowax-treated tubes (Helmuth et al. 1983). The 
hydrolytic component of permethrin metabolism in microsomes 
was measured using 1.0 ml microsomes and PBO (10-4 M) at a 
final volume of 1.5 ml in carbowax-treated tubes. Both 
assay mixtures were preincubated at 32°C for 5 min prior to 
the addition of [14C]permethrin (33.8 nCi, 0.66% acetone 
final cone.) and incubated for 1 hr. Extraction procedures 
for permethrin and its metabolites were the same as those 
used for the 13,000gr supernatant assay. 
Pharmocokinetics and In Vivo Metabolism of Avermectin Bja 
Application of [JH]avermectin B^a (6 nCi/larvae, 0.46 
ng/larvae) and surface washing procedures for fourth instar 
larvae were the same as in [14C]azinphosmethyl and 
1 A 
[14C]permethrin, although larvae were placed in carbowax- 
treated vials for more efficient extraction of feces. The 
larvae were homogenized in glass-glass homogenizers after 
the surface washings in 5 ml of 0.1 W acetate buffer (pH 
5.0) and ethyl acetate (2:3). The carcasses of the larvae 
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were further extracted with 4 ml of ethyl acetate which was 
then used to extract the acetate buffer. The ethyl acetate 
fractions were combined and evaporated to dryness under N2 
at 50°C. The dried residue was resuspended into 1 ml 
acetonitrile:H20 (9:1). The acetonitrile:H2O was washed 
twice with 2 ml isooctane (Maynard et al. 1990) to remove 
most of the carotinoid pigments extracted from CPB. After 
this wash, 1.5 ml of a 0.1 M phosphate buffer, (pH 7.0) was 
added to the acetonitrile:H2O fraction. This fraction was 
then extracted twice with 2 ml ethyl acetate. The ethyl 
acetate was evaporated to dryness at 40°C under N2 in a 
scintillation vial and the amount of radioactivity 
determined as described previously. Extraction efficiencies 
for the above procedures were all 80% or more. 
[^H]Metabolites and [^H]avermectin B^a in excrement 
were extracted by two 2.5 ml washes of ethyl acetate and one 
2.5 ml wash of methanol collected sequentially from the 5 
holding vials. The combined extracts were centrifuged at 
500g and the solvent evaporated under N2 in a scintillation 
vial and radioactivity determined as described previouly. 
For identification of metabolites, 10 larvae were held in 
vials for 6 hr and the excrement extracted and centrifuged 
as previously described. The extracts were washed with 
isooctane and evaporated to dryness as in the larval 
carcasses. The residues were taken back up into 75 ul of 
methanol for analysis on HPLC. Avermectin Bla and its 
metabolites were determined by two HPLC systems. Reversed- 
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phase HPLC was carried out with a 4.6 mm x 25 cm Zorbax ODS 
columns (DuPont Co., Wilmington, DE) in a mobile phase of 
methanol:water (85:15) at 1 ml/min (Maynard et al. 1990). 
Normal-phase HPLC was carried out with a3.9mmx30cm 
Porisil column (Waters, Milford, MA) with a mobile phase of 
isooctane:ethanol (85:15) at 1 ml/min (Chui et al. 1984). 
Fractions were collected from both systems at 1 min 
intervals on a LKB 2112 fraction collector (Bromo, Sweden), 
and quantified as described previously. 
In Vitro Metabolism of Avermectin Bja 
Oxidative and hydrolytic metabolism of avermectin B^a 
was examined using microsomes which were prepared as 
described previously for in vitro permethrin metabolism. An 
aliquot containing 46 nCi [3H]Avermectin Bla (2.7 nM, 0.33% 
acetone final concentration) was added to the reaction 
mixture and incubated at 32°C for 1 hr. Methylene chloride 
was then added to terminate the reaction and extract 
avermectin and its metabolites. This step was repeated 
once, and then 2.0 ml ethyl acetate was used for a final 
extraction. The pooled fractions were evaporated to 
dryness, and extracted for HPLC analysis as in the in vivo 
methods described above. 
CHAPTER III 
AZINPHOSMETHYL RESISTANCE 
Results and Discussion 
General Metabolic Substrate Activities 
Of the enzyme activities tested, only GST utilizing 
CDNB as a substrate was significantly higher in the AZ-R 
strain (Table 3.1). Although the difference in specific 
activity between the SS and AZ-R strain was modest (i.e., 
1.4-fold increase) compared to differences in susceptible 
and resistant house fly strains (Hayaoka and Dauterman 
1982), enhanced GST metabolism combined with other 
mechanisms (i.e. site insensitivity, decreased penetration) 
could account for the high level of resistance to 
azinphosmethyl in the AZ-R strain. The GST-dependant 
conjugation of CDNB in CPB was approximately the same as in 
Lucilia cuprina (Kotze and Rose 1987) but less so compared 
to house fly (Lamoureux and Rusness 1987) or Khapra beetle 
(Shivanandappa and Rajendran 1987). The increase in CDNB 
conjugation but not DCNB conjugation in the AZ-R strain 
compared to the SS strain could indicate that only a single 
GST isozyme has been altered or induced. Motoyama et al, 
(1983) have identified two forms of GST in house fly, one 
specific to CDNB conjugation and one more specific to 
DCNB conjugation. 
Although the AZ—R strain has enhanced GST activity 
towards CDNB, little synergism was noted in this strain to 
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DEM (Argentine et al. 1989a). However, the synergistic 
effect of DEM has only been demonstrated in house flies and 
is in part due to GSH depletion (Welling and de Vries 1985), 
unlike irreversible inhibitors and synergists such as PBO 
and DEF (Casida 1969, Abernathy et al. 1973). Obviously, it 
is preferable for a synergist to be an irreversible 
inhibitor for it to be most effective. Unfortunately, no 
GST synergist has been shown to be an irreversible 
inhibitor. The herbicide tridiphane has also been shown to 
synergize diazinon in house fly, but it also acts by GSH 
depletion and competitive inhibition (Lamoureux and Rusness 
1987) . 
Pharmocokinetics of Azinphosmethyl 
The MA-R strain 2 hr after azinphosmethyl application 
had significantly more azinphosmethyl remaining on the 
surface cuticle compared to either the SS or AZ-R strain 
(Table 3.2). This indicates that a reduced penetration 
factor may be involved in azinphosmethyl resistance and that 
this factor may have been deleted in the backcrossing 
procedures used to establish the AZ-R strain from the MA-R 
strain. This is not surprising, since the backcrossing 
procedures attempted to create a strain resistant to 
azinphosmethyl yet not cross-resistant to other insecticides 
(Argentine et al. 1989a). Reduced penetration factors are 
usually cross-resistant (Plapp and Hoyer 1968) and so would 
have been selected against in the establishment of the AZ-R 
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strain. Other factors more specific to azinphosmethyl 
resistance (i.e., enhanced xenobiotic metabolism or site- 
insensitivity) would have been retained in the AZ-R strain. 
This penetration factor may be the cause of the higher level 
of resistance in the MA-R strain compared to the AZ-R strain 
(i.e 435-fold compared to 136-fold, respectively) (Argentine 
et al. 1989a). 
The amount of azinphosmethyl remaining on the cuticle 
in the MA-R strain was significantly different only at 2 hr 
(Table 3.2). This was probably due to the rapid absorption 
of azinphosmethyl in all strains of CPB, for by 6 hr nearly 
all azinphosmethyl had penetrated (Fig. 3.1). Still, even a 
slight decrease in the rate of penetration may significantly 
alter azinphosmethyl toxicity in CPB, since excretion 
appears to be as rapid as absorption (Table 3.2). 
Approximately 70% of the applied azinphosmethyl had been 
excreted at 6 hr in CPB (Table 3.2), whereas excretion 
levels of azinphosmethyl in the tufted apple budmoth ranged 
from 2-20% at 24 hr (Wells et al. 1983). Rapid penetration 
and excretion of carbaryl was also noted in two CPB strains 
(Rose and Brindley 1985) . The rapid excretion of 
azinphosmethyl and its metabolites resulted in a decrease in 
the amount of radiolabelled compound remaining in internal 
extracts at 6 hr compared to 2 hr in all strains of CPB. 
The rapid excretion level itself can not be a resistance 
mechanism in CPB, since no differences were detected in the 
amount of radiolabelled compounds in internal or excrement 
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extracts (Table 3.2). However, the rapid excretion of 
azinphosmethyl may potentiate other resistance mechanisms, 
such as metabolism and site-insensitivity, involved in 
azinphosmethyl resistance. 
Tn Vivo Metabolism of Azinphosmethyl 
Two major metabolites, desmethyl-oxon and benzazimide, 
were identified in both internal and excrement extracts. 
Both metabolites were present in excrement extracts at 
significantly higher levels in the azinphosmethyl-resistant 
strains compared to the SS strain (Table 3.3). Although 
both metabolites were at higher levels in the AZ-R and MA-R 
internal extracts, these levels, with one exception, were 
not significantly higher. This was due to the larger 
standard deviation values associated with the internal 
extracts compared to the excrement extracts. Overall, 
benzazimide was produced at a approximately 2-fold higher 
level than desmethyl-oxon. However, the level of 
desmethyl-oxon formed in the azinphosmethyl-resistant 
strains was increased 4.3-fold compared to the SS strain, 
while benzazimide was increased only 2.3-fold in the 
azinphosmethyl-resistant strains. Obviously, both metabolic 
pathways are important in detoxification of azinphosmethyl 
in the AZ-R and MA-R strains. 
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Tn Vitro Metabolism of Azinphosmethyl 
Both O-demethylation and dearylation products (i.e., 
desmethyl-oxon and benzazimide, respectively) may be formed 
in organophosphate insecticides through oxidative and GST- 
dependant reactions (Motoyama and Dauterman 1972b, Yang et 
al. 1972). Because of this, in vitro metabolism of 
azinphosmethyl was examined to determine if these enzymes 
were responsible for azinphosmethyl resistance in CPB. The 
105,OOOg supernatant produced no benzazimide and only small 
ammounts of desmethyl-oxon (Table 3.4). This could be due 
to a lack of GST-conjugation of azinphosmethyl in CPB. 
Alternatively, GST-conjugation may be specific for azin- 
oxon, rather than azinphosmethyl. Since conversion to azin- 
oxon would not likely occur in the 105,OOOg supernatant 
lacking a NADPH, formation of desmethyl-oxon also would not 
occur. 
The 105,OOOg microsomal fraction had relatively high 
activity towards azinphosmethyl, producing at least 6 
detectable metabolites (Table 3.4). Also, the rate at which 
these metabolites were produced was enhanced or 
significantly elevated in the AZ-R and MA-R strains compared 
to the SS strain. The most abundant metabolite was 
benzazimide, which was formed at a 3-fold higher level in 
the MA-R strain compared to the SS strain. Benzazimide was 
produced at approximately 2-fold higher level than 
desmethyl-oxon in vivo (Table 3.3), but was formed in vitro 
to a 6.4-fold higher than desmethyl-oxon. Under in vivo 
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conditions, O-demethylation of azinphosmethyl may be 
followed by rapid excretion, and no further metabolism. 
However, under in vitro conditions, the desmethyl forms were 
probably subjected to thiol-ester cleavage resulting in 
benzazimide. This may be the reason for the high levels of 
benzazimide formed in vitro. It is possible that membrane- 
bound phosphorotriesterases metabolized azinphosmethyl to 
benzazimide. However, treatment of microsomes with DFP had 
no effect on metabolite formation (Argentine, Unpub. 
results). 
The increase of metabolite formation in the AZ-R and 
MA-R strains over the SS strain also included azin-oxon, 
which was elevated 1.4-fold and 1.5-fold, respectively 
(Table 3.4). The increased levels of azin-oxon by itself 
will increase, rather than decrease, azinphosmethyl toxicity 
in the resistant strains. However, it is likely that the 
high level of oxidative activity probably converts azin-oxon 
to other metabolites, including desmethy1-oxon and 
benzazimide. Also, there may be a higher specific activity 
of monooxygenases to azin-oxon compared to azinphosmethyl, 
since there was no detectable amount of azin-oxon in vivo. 
Overall, this higher level of oxidative activity to 
azinphosmethyl indicates that monooxygenases are important 
factors in resistance in the AZ-R and MA-R strains. 
The activity of GST on monooxygenase metabolites, 
particularly azin-oxon, was studied by incubating 0.1 ml 
microsome suspension with 0.9 ml 105,000g supernatant 
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fortified with NADPH and GSH (Table 3.4). Only benzazimide 
was produced at a higher total level compared to microsomes 
alone. After subtraction of the monooxygenase component, it 
was determined that there was no difference between strains 
in benzazimide formation, indicating GST may not be directly 
involved in azinphosmethyl resistance. However, the 
increased levels of benzazimide in this preparation indicate 
that GST is active against an oxidative metabolite, which is 
probably azin-oxon. GST therefore could be important in the 
detoxification of excess azin-oxon produced by the AZ-R and 
MA-R strains, even if GST activity is similar in the SS and 
azinphosmethy1-resistant strains. GST activity towards 
azin-oxon was demonstrated as the significant difference of 
specific activity of azin-oxon formation in the AZ-R strain 
between the microsome + I05,000$r supernatant preparation 
compared to microsomes alone (Table 3.4). However, there 
was no similar decrease in azin-oxon formation in the MA-R 
strain. 
Acetylcholinesterase Activity and Inhibition 
There was no difference between the SS and AZ-R strains 
in Vmax of acetylcholinesterase activity towards 
acetylthiocholine but there was a significant difference in 
Km values between the two strains (Table 3.5). This 
indicates that an altered acetylcholinesterase is present in 
the AZ-R strain with a lower affinity to acetylthiocholine. 
A change in the Km of acetylcholinesterases has been noted 
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in a number of house fly strains resistant to 
acetylcholinesterase inhibitors (Devonshire and Moores 1984) 
as well as in other arthropods (Devonshire 1980). 
Presumably, the resistant acetylcholinesterase not only has 
reduced affinity for acetylcholine but also for 
acetylcholinesterase inhibitors. The similarity of Vmax 
values between the SS and AZ-R strains indicates no change 
of enzyme level or catalytic center activity has occurred in 
the AZ-R strain. 
There was a significant difference in the bimolecular 
rate constant (k±) between the SS and AZ-R strains to azin- 
oxon (Table 3.5). However, there was no difference detected 
between these strains with respect to eserine, a carbamate 
antichlinesterase. The difference in kj_ values due to azin- 
oxon was relatively low (2-fold). Altered 
acetylcholinesterases will often have wide variations of 
sensitivity to different organophosphate and carbamate 
insecticides (Hama 1983, Hemingway and Georghiou 1983, 
Devonshire and Moores 1984). The altered 
acetylcholinesterase of the AZ-R strain, while providing 
some protection against azin-oxon, may provide higher 
protection against other acetylcholinesterase inhibitors. 
In Typhlodromus pyri an altered acetylcholinesterase was 3- 
fold more tolerant to azin-oxon in a resistant strain. 
However, the resistant acetylcholinesterase was 36-fold more 
tolerant of paraoxon inhibition compared to the susceptible 
strain (Abner and Overmeer 1988). A similar situation may 
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exist in the AZ-R strain, where the altered 
acetylcholinesterase may provide more protection against 
other acetylcholinesterase inhibitors. It would be very 
interesting to determine the k± of other organophosphates 
and carbamates in the SS and AZ-R strains, considering the 
widespread and high levels of resistance in CPB to these 
compounds (Forgash 1981, Harris and Svec 1981). Still, it 
is likely that this altered acetylcholinesterase coupled 
with rapid excretion and increased metabolism is an 
important mechanism of azinphosmethyl resistance in the AZ-R 
and MA-R strain. 
Conclusions 
Azinphosmethyl resistance in the AZ-R and MA-R strains 
appears to be quite complex, involving at least 3 mechanisms 
and possibly a fourth. The most important of these 
mechanisms probably is oxidative metabolism. The 
azinphosmethyl-resistant strains produced substantially 
higher levels of metabolites under in vivo and in vitro 
conditions compared to the SS strain. The increase in the 
levels of metabolites ranged from 2.0-fold to 4.0-fold in 
these experiments. The increase in oxidative metabolism of 
azinphosmethyl was not due to an increase in enzyme level, 
since cytochrome P450 levels and overall oxidase activities 
were not significantly different between the SS and AZ-R 
strains (Table 3.1). Rather, a different isozyme of 
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cytochrome P450 must have been produced in the AZ R and MA R 
strains. 
The role of GST in azinphosmethyl resistance and 
metabolism is not clear from these studies. The GST- 
dependant conjugation of DCNB was higher in the AZ-R strain 
and the metabolites produced in vivo (i.e. desmethyl-oxon 
and benzazimide) could have been formed by GST (Table 3.3). 
However, little metabolism occurred in the 105,000g 
supernatant fortified with GST, while oxidative metabolism 
was high in the microsome fraction (Table 3.4). The results 
from the microsome + 105,000g supernatant preparation 
suggest that GST may be acting as an glutathione-S- 
aryltransferase, although this was not conclusive. The role 
of GST in azinphosmethyl metabolism and resistance could 
probably be better understood by using [14C]azin-oxon as a 
substrate and by isolating the GST for study, since crude 
enzyme preparations sometimes interfere in the kinetic 
analysis of enzymes (Lamoureux and Rusness 1987). 
The MA-R strain appears to have a reduced penetration 
factor involved in azinphomethyl—resistance. It is likely 
that this mechanism exhibits cross-resistance to a number of 
insecticides, and because of this was lost during 
backcrossing procedure used to establish the AZ—R strain. 
It is probable that this mechanism potentiates the oxidative 
metabolic factor involved in azinphosmethyl resistance, as 
has been reported in house fly (Plapp and Hoyer 19 68) . 
Also, a reduced penetration factor may be important in 
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azinphosmethy1 resistance in CPB because of the rapid 
excretion of radiolabelled compound. Reduced penetration 
coupled with rapid excretion could prevent internal levels 
of azinphosmethy1 from reaching an intoxication level. 
The AZ-R strain also appears to have an altered 
acetylcholinesterase. Although only 2-fold less sensitive 
to inhibition than the SS strain, this altered 
acetylcholinesterase may negate the effects of increased 
azin-oxon that may be produced in the AZ-R and MA-R strains. 
Also, the effect of the altered acetylcholinesterase would 
be expected to be potentiated when combined with the reduced 
penetration and increased metabolism mechanisms found in the 
azinphosmethy1-resistant strains. Although eserine was the 
only other acetylcholinesterase inhibitor tested, it is 
likely that the altered acetylcholinesterase confers varying 
^gyels of protection against other organophosphate and 
carbamate insecticides (Abner and Overmeer 1988). 
Two secondary plant compounds found in potato, solanine 
and chaconine, are acetylcholinesterase inhibitors. It 
would be interesting to compare the effects of these two 
compounds on acetylcholinesterase activity on CPB. CPB may 
have adapted and evolved an acetylcholinesterase resistant 
to inhibition by these host-plant compounds. Rabbits, which 
also feed on solanaceous plants, have serum 
acetylcholinesterase insensitive to solanine (Jadhav et al. 
1981). Also, the altered acetylcholinesterase may be 
responsible for the reduced fitness of the AZ-R strain of 
CPB (Argentine et al. 1989b). The altered 
acetylcholinesterase may be less sensitive to inhibition by 
organophosphate insecticides, but more sensitive to solanine 
and chaconine inhibition. An increase in sensitivity to the 
solanine and chaconine present in the host-plant could be 
the mechanism for the reduced fitness apparent in the AZ-R 
strain. If the AZ-R strain is more sensitive, or 
hypersensitive, to solanine and chaconine, then using these 
two chemicals in alternation with other acetylcholinesterase 
inhibitors may delay the develop of this particular 
resistance mechanism. 
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Table 3.1 In vitro metabolic activities of fourth-instar 
larvae of the susceptible (SS) and azinphosmethyl-resistant 
(AZ-R) strains of CPB. 
Assays SS AZ- R 
(nmole/min/mg protein + SD) 
Glutathione-S- 
Transferases(4)a 
CDNB 72.9 ± 11.5 101.5 + 12.9b 
DCNB 7.1 + 0.8 8.1 + 1.4 
General Esterases(6) 
a-Napthyl Acetate 650.7 + 55.4 671.5 + 220.7 
a-Napthyl Butyrate 906.9 ± 253.4 946.6 + 244.1 
Carboxvlesterases(6) c 
a-Napthyl Acetate 115.1 + 24.4 121.2 + 14.2 
a-Napthyl Butyrate 75.3+ 21.2 83.8 + 21.7 
Aliesterases(6) 
Methylthiobutyrate 10.5+ 1.3 9.8 + 3.2 
Oxidases(4) 
0-demethylation 
p-nitroanisole 138.6 + 38.1 161.4 + 55.9 
Methoxyresorufin n. d. d n . d . 
Microsomal ester 
cleavage 
Oxidative ester 
68.5+ 32.5 96.5 + 40.5 
cleavagee 20.5 + 5.5 13.5 + 5.5 
Biphenyl hydroxylation n. d. n. d 
NADPH-reductase 4.6+ 2.0 6.4 + 1.6 
Cytochromes(6) (pmole/mg protein + SD) 
P42 0 147.2 + 39.6 138.7 + 49.8 P450 334.7 + 81.8 307.3 + 89.5 
b5 235.0 + 29.8 246.9 + 22.1 
a 
b 
c 
d 
e 
Number of replicates of each assay in parantheses (N). 
Significantly different from SS strain, t test, P<o 05 
Carboxylesterase activity measured by inhibiting 
acetylcholinesterase with eserine (0.1 mM) and 
arylesterases with PHMB (0.1 mM). 
Not detected. 
Oxidative ester cleavage was measured by inhibiting 
membrane associated esterases activity to p-nitroacetat 
with DEF (0.1 mM). * P nicroacetat e 
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Table 3.2 Pharmocokinetics of [14C]azinphosmethyl (60 
ng/larva) in fourth-instar larvae of the susceptible (SS) 
and azinphosmethyl-resistant (AZ-R & MA-R) strains of CPB. 
Post-treatment SS AZ-R MA-R 
Interval (hr) 
(% of total applied dose + SD) 
External 
Rinse 
0 97.0 + 3.0 98.2 + 1.2 91.4 + 5.7 
1 23.8 + 6.9 19.6 + 3.9 22.1 + 9.4 
2 10.3 + 2.2 11.4 + 2.5 19.2 + 1.9 
6 4.0 + 0.7 4.8 + 1.2 6.4 + 2.8 
Internal 
Extract 
0 1.0 + 0.1 0.8 + 0.5 2.2 + 1.0 
1 22.0 + 0.3 24.3 + 2.2 22.3 + 3.9 
2 15.1 + 1.5 15.4 + 0.9 19.6 + 4.5 
6 8.7 + 1.6 13.8 + 3.1 12.9 + 3.8 
Unextractable 
Internal 
0 — — 
1 3.6 + 0.7 3.6 + 0.2 4.0 + 1.1 
2 6.2 + 1.2 4.5 + 1.0 3.5 + 1.9 
6 5.0 + 0.4 5.3 + 2.0 4.4 + 0.5 
Excrement 
Extract 
0 — 
— 
1 35.9 + 5.0 36.2 + 6.5 34.3 + 10.8 
2 44.5 + 10.6 40.4 + 5.8 42.7 + 5.5 
6 53.2 + 7.2 48.4 + 4.7 51.8 + 9.2 
Unextractable 
Excrement 
0 — — 
1 9.3 + 3.0 12.1 + 2.6 9.5 + 13 . 1 
2 14.2 + 4.7 15.3 + 6.4 13.1 + 7.8 6 16.5 + 7.4 19.2 + 4.7 14.5 + 5.2 
a 
Significantly different from the SS strain, t-test P < 
0.05, N=3. 
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Table 3.3 Metabolism of [14C]azinphosmethyl to desmethyl 
azinphosmethyloxon (desmethyl-oxon) and benzazimide in 
susceptible (SS) and azinphosmethyl-resistant (AZ-R & MA-R) 
strains of fourth-instar CPB larvae. 
Metabolite SS AZ-R MA-R 
(% metabolite formed from original dose + SD) 
Desmethvl-oxon 
Internal 
2 hr 1.26 + 0.07 1.87 + 1.13 1.73 + 0.45 
6 hr 1.42 + 0.75 1.44 + 0.90 2.10 + 0.99 
Excrement 
2 hr 0.87 + 0.12 1.89 + 0.44a 3.11 + 0.79 
6 hr 1.32 + 0.81 3.67 + 1.20a 5.71 + 1.40' 
Benzazimide 
Internal 
2 hr 2.72 + 0.60 4.00 + 1.82 4.80 + 2.04 
6 hr 4.46 + 1.55 6.92 + 2.12 9.07 + 1.68 
Excrement 
2 hr 3.00 + 0.48 5.53 + 1.03a 6.90 + 0.92 
6 hr 5.28 + 0.84 9.84 + 1.93a 11.62 + 1.62 
Significantly different from the SS strain, t-test P < 
0.05, N=3. 
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Table 3.4 In vitro metabolism of [14C]azinphosmethyl by 
various subcellular fractions in susceptible (SS) and 
azinphosmethyl-resistant (AZ-R & MA-R) strains of CPB. 
Subcellular Fractions SS AZ- R MA -R 
and Metabolites 
(pmole/min/mg protein ± SD) 
105. OOOqr Supernatant 
(GSH) 
Desmethyl-oxon 0.44 ± 0.03 0.42 ± 0.07 0.37 ± 0.07 
Microsomes 
(NADPH) 
Azin-oxon 
Methyl benzazimide*3 
10.9 
2.1 
+ 
± 
1.6 
0.6 
14.9 
4.0 
± 
+ 
2.4 
0.8C 
16.6 
5.5 
± 
+ 
0.4 a 
1.8 c 
Benzazimide 12.7 ± 2.2 28.6 + 6.2C 37.3 + 8.0a 
Desmethyl-azin 1.8 ± 0.3 4.0 + 0 . la 3.2 + 0.8 c 
Desmethvl-oxon 1.9 ± 0.5 3.3 + 1.4 2.7 4- 0.2 
Unknown*3 1.5 ± 0.1 4.0 ± 1. lc 4.8 ± 1.0a 
Microsome + 
105. OOOcr Supernatant 
(GSH + NADPH) 
Azin-oxon 8.7 ± 0.6 9.8 + 1.4e 18.9 + 4.5 
Benzazimide 
Benzazimide^ 
22.6 
9.9 
± 
± 
4.6 
2.0 
38.5 
9.7 
±13.3 
±3.6 
50.2 
13.5 
± 
± 
8.2 
4.2 
Significantly different from the SS strain, t test, P< 
0.01, N=3. 
Tentative identification of compound for which no 
authentic standard was available. 
Significantly different from the SS strain, t test P< 
d 0.05, N=3. 
Unknown consists of two water-soluble fractions with rf 
0.0 and 0.1. 
Significantly different from Azin-oxon activity of AZ-R 
f with microsomes alone, t test, P<0.05, N=3 
Activity calculated by subtracting the specific activity 
of microsomes from the microsome + supernatant 
combination. 
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Table 3.5 Kinetic analysis of acetylcholinesterase activity 
for fourth-instar larvae of the susceptible (SS) and 
azinphosmethyl-resistant (AZ-R) strains of CPB. 
Kinetic Constants SS AZ-R 
Km (HM) 
Vmax (nmoles/min/mg protein) 
Azinphosmethyloxon 
kj_ 10-4 x k± (M-1min_1) 
kp (min-1) 
Kd (MM) 
Eserine 
>~4 k± 10 4_x kj_(M 1min x) ) 
kp (min-1) 
Kd (MM) 
-1 
8.45 ± 1.09a 20.28 ± 4.08 
18.77 + 2.81 22.33 ± 1.74 
15. 70 + 0. 63 
0. 25 + 0. 10 
1. 61 + 0. 36 
26. 73 + 2 . 17 
0. 31 + 0. 064 
1. 16 + 0. 155 
8 . 63 + 3 , .34 
0. 20 + 0 . . 08 
2 . 32 + 0 . .41 
22 . 23 + 1. , 94 
0. 29 + 0 . , 04 
1. 32 + 0 . , 15 
b 
b 
a Standard deviation. 
b Significantly different from the SS strain, t test, P< 
0.05, N=3. 
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Fig. 3.1 Penetration rate of [14C]azinphosmethyl 
(60ng/larva) in fourth—instar larvae of the susceptible (SS) 
and azinphosmethyl-resistant (AZ-R & MA-R) strains of CPB. 
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CHAPTER IV 
PERMETHRIN RESISTANCE 
Results and Discussion 
General Metabolic Substrate Activities 
General esterase activity was elevated in the PE-R 
strain, and carboxylesterase activity to a-napthyl butyrate 
was significantly higher in the PE-R strain (Table 4.1). 
These increases in hydrolytic activities could be related to 
an increased rate of permethrin hydrolysis in the PE-R 
strain. A similar resistance mechanism to pyrethroids has 
been reported for Egyptian cotton leafworm (Riskallah 1983). 
Up to 90% of the general esterase activity was inhibited by 
eserine and PHMB in the carboxylesterase assay. The 
carboxylesterase assay was used as a means to eliminate 
other esterases not involved in xenobiotic metabolism, 
although in at least one case a permethrin hydrolase was 
moderately inhibited by eserine (Riddles et al. 1983). 
General esterase activity was higher in both strains using 
a-napthyl butyrate as a substrate compared to a-napthyl 
acetate. However, carboxylesterase activity was lower using 
a-napthyl butyrate compared with in this assay. This 
indicates that esterases hydrolyzing a-napthyl butyrate are 
more inhibited by eserine and PHMB. 
A double reciprocal Lineweaver-Burk plot was 
constructed of the carboxylesterase activity in both strains 
(Fig. 4.1). There was no significant difference in km 
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between the two strains, but Vmax was significantly 
increased in the PE-R strain (Table 4.2). These results 
indicate that the PE-R strain has higher levels of 
carboxylesterase or a carboxylesterase with higher activity 
compared to the SS strain. 
There were no significant differences between these two 
strains in the GST and oxidase assays (Table 4.1). However, 
microsomal ester cleavage was elevated in the PE-R strain 
(1.3-fold), while oxidative ester cleavage was lower in PE-R 
strain (0.64-fold). This could indicate that most ester 
cleavage activity in microsomes is hydrolytic, and that the 
permethrin hydrolase present in the PE-R strain is membrane- 
associated . 
The CPB strains were unable to hydroxylate biphenyl 
(Table 4.1) or analine (Argentine, unpub. results) unlike 
lepidopterans (Brattsten et al. 1976, Yu and Ing 1984) . 
Also, no aryl-hydroxylation products of fenvalerate were 
formed by CPB in vivo (Soderlund et al. 1987). This 
difference in metabolism may be the result of host plant 
selection. Lepidopterans often have to metabolize tannins 
and other aryl-containing secondary plant compounds, and so 
may have evolved aryl-hydroxylation metabolism as a 
mechanism for overcoming these plant defenses. The defense 
mechanisms of the solanaceous host plants of CPB include an 
apyrase (Ribeiro et al. 1984), protease inhibitors (Ryan 
1990), and glycoalkaloids which inhibit esterases (Alozie et 
al. 1978, Jadhav et al. 1981). Although CPB has adapted to 
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these particular solanaceous defenses, it may have a reduced 
capability to hydroxylate aromatic rings in secondary plant 
chemicals (and synthetic insecticides), since aryl- 
hydroxylation would have no effect on these host non¬ 
aromatic plant defenses. In contrast, pyrethroid-resistant 
Heliothis virescens and H. zea appear to be quite capable of 
ring hydroxylation of pyrethroids (Bigley and Plapp 1978, 
Little et al. 1989). 
The PE-R strain had significantly less cytochrome P450 
than the SS strain. This was unexpected since pyrethroid 
resistance due to oxidative metabolism usually occurs via 
increased levels of cytochrome P450 (Scott and Georghiou, 
1986). Also, the reduction of cytochrome P450 was not 
associated with reduced cytochrome b5 levels or with reduced 
NADPH-reductase activity as would be expected (Table 4.1). 
Reduced cytochrome P450 levels have been reported in 
organophosphate-resistant strains and retard activation of 
the thiol-containing organophosphates (Wells et al. 1983). 
However, since pyrethroids do not need activation, this is 
unlikely to be the mechanism involved in permethrin 
resistance. Another possiblility is that different 
cytochrome P450s more susceptible to denaturation in the in 
vitro assay system are produced in the resistant strain. 
However, the slight increase in P420 content of the PE-R 
strain cannot account for the low level of cytochrome P450. 
Also, a different spectrum of cytochrome P450s may be found 
in the PE-R strain which have an increased level of activity 
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towards permethrin. Finally, the reduction of cytochrome 
P450 may also be an artifact of the selection of the PE R 
strain or rearing procedures. 
Pharmocokinetics of Permethrin 
There was no difference in cuticular penetration of 
permethrin among the strains (Table 4.3). This was somewhat 
surprising, since the MA-R strain has a reduced level of 
cuticular penetration of azinphosmethyl and reduced 
penetration factors often exhibit cross-resistance (Plapp 
and Hoyer, 1968). The higher lipophilicity of permethrin 
compared to azinphosmethyl may be responsible for the lack 
of this effect. The higher lipophilicity of permethrin is 
also probably the reason for the slower rate of penetration 
of permethrin compared to azinphosmethyl. Alternatively, 
the dose of permethrin applied can have profound effects on 
the rate of penetration (Chang and Jordan, 1982) . A 
difference in the rate of penetration of permethrin may have 
been evident at another dose other then that used in this 
study (30 ng/larva). 
The amount of radioactivity remaining internally was 
fairly constant throughout the 6 hr post-application period 
for all strains (11.2 - 17.0% applied dose), despite the 
increasing levels of radioactivity being excreted (Table 
4.3). This appears to be due to the slow, continued 
absorption of permethrin through the cuticle. No 
statistically significant differences between strains were 
evident in both internal and excrement percentages as 
determined by t-test (P>0.05). 
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Tn Vivo Metabolism of Permethrin 
PBA was the only metabolite identified during the in 
vivo metabolism of [14C]permethrin by CPB. Both PE-R and 
MA-R strains had significantly higher levels of PBA in 
internal extracts at 6 hr (Table 4.4). This difference was 
even more pronounced in the excrement. Both resistant 
strains had levels of PBA over 2-fold higher compared to the 
SS strain at 2 hr post-treatment. Paradoxically, the amount 
of PBA in the excrement was lower at the 6 hr extraction. 
This was probably due to the increased amount of frass 
present at 6 hr, which made extraction of permethrin and 
permethrin metabolites difficult. Treating the holding 
vials with carbowax (Helmuth et al. 1983) would have 
probably assisted in extraction. A portion of the 
unextractable metabolites from the excrement at 6 hr post¬ 
treatment, which accounted for approximately 20% of the 
applied dose at that time, was probably permethrin and PBA 
in addition to conjugated, water soluble metabolites. 
It is, nevertheless, obvious that both resistant 
strains produced more PBA than the SS strain, indicating 
either hydrolytic or oxidative metabolism as a mechanism in 
permethrin resistance. Although only a small percentage of 
permethrin was metabolized in this assay, this may have been 
due to the low temperature conditions of the assay (i.e., 
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22°C). The normal daytime temperature range that CPB is 
exposed to is 26-32°C. Under these conditions a much higher 
level of enzymatic activity is expected for enhanced 
xenobiotic metabolism. The reason the assay was run at a 
22°C was to slow down absorption and excretion of the 
insecticide so that these parameters could be more 
accurately measured, since these events occur at a very fast 
rate in CPB (Rose and Brindley 1985) . 
In Vitro Metabolism of Permethrin 
There was no evidence of any difference in the 
hydrolysis rate of [14C]permethrin in the three strains 
using a 13,000g supernatant enzyme preparation (Table 4.5). 
This indicates that a soluble esterase is not significantly 
involved in permethrin-resistance. The principle metabolite 
isolated was not PBA, as was the case in vivo, but PBacid. 
Although PBO was used to inhibit oxidative metabolism, other 
enzymes in this preparation may have oxidized PBA that, 
under in vivo conditions, would normally not be able use PBA 
due to selective distribution as a substrate. Additionally, 
the different extraction method used in the in vitro 
experiments may have inadvertantly oxidized PBA to PBacid. 
A microsomal preparation which included PBO had 
significantly higher levels of permethrin hydrolysis in the 
PE-R strain and MA-R strain compared to the SS strain (Table 
4.5). This demonstrates that a membrane-associated esterase 
is involved in permethrin-resistance. The level of total 
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activity was higher in this microsomal preparation compared 
to the 13,OOOgr supernatant preparation, even though the 
supernatant preparation also included microsomes. This was 
due to the higher level of purity in the microsome 
preparation of the esterase on a per mg protein basis. 
Also, the different nature of the two preparations (i.e., 
different lipid content) could possibly affect permethnn 
solubility and so effect hydrolysis. Although the PE-R 
strain was significantly different from the SS strain at P < 
0.05, the MA-R strain was only significantly different from 
the SS strain at P < 0.10. This was surprising, since the 
MA-R strain is more resistant to permethrin and since the 
PE-R strain was bred from the MA-R strain (Argentine et al. 
1989a). One possible reason for this may be a slight 
difference in rearing conditions. Temperature and diet can 
have profound effects on enzyme activities (Brattsten et al. 
1986, Kramer et al. 1990). Although larva were collected 
and placed on potato slices in jars 16 hr prior to an 
experiment to minimize rearing differences, there was 
variation in temperature conditions during larval 
development in our greenhouse. Nonetheless, hydrolase 
activity towards permethrin was elevated in the MA—R strain 
compared to the SS strain and there was no significant 
difference between the MA-R and PE-R strains, indicating 
esterase involvement in permethrin-resistance. 
Oxidative metabolism of permethrin appears to be 
important in the detoxification of permethrin, but the role 
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of monooxygenases in resistance in the PE-R and MA-R strains 
is questionable. Ester cleavage products were formed 
oxidatively, but at a slightly reduced level compared to 
hydrolytic cleavage of permethrin by the microsomal 
preparation (Table 4.5). Also, there was no difference 
between oxidative ester cleavage products formed by the SS 
and MA-R strains, and only a slight increase by the PE-R 
strain. 
An additional metabolite was formed by oxidative 
metabolism in vitro in the NADPH+DFP treated microsomal 
fraction. The hydroxylated gem methyl moiety (HO-per) was 
probably formed using microsomes with an NADPH regenerating 
system (Table 4.5). Although no standards of this 
metabolite were available, the Rf value of this metabolite 
in the benzene:ethyl acetate (6:1) and benzene (saturated 
with formic acid):ether (10:3) systems matched well with the 
Rf value of HO-per in previously published reports (Gaughan 
et al. 1977, Bigley and Plapp 1979). Also, Soderlund et al. 
(1987) reported that hydroxylation at the gem methyl group 
of fenvalerate was a metabolic pathway functioning in CPB, 
which indicates that this will likely occur to permethrin 
also. 
The HO-per metabolite was produced at almost the same 
level as oxidative ester cleavage products in all of the 
strains under in vitro conditions, yet was not isolated in 
vivo. A likely explanation is that HO-per is rapidly 
conjugated and excreted, and that the conjugated product 
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could be the principle component of the unextractable 
excrement at 6 hr (Table 4.3). Soderlund et al., (1987) did 
not isolate HO-fenvalerate, but did isolate the glucoside 
conjugate of HO-fenvalerate. Also, it has been postulated 
that hydroxylated pyrethroids may be better substrates for 
oxidative and hydrolytic ester cleavage (Little et al. 
1989). If ester cleavage occurred soon after hydroxylation, 
the only metabolite that would be detectable would be PBA, 
since our [14C]permethrin was methylene labelled. 
Cross-resistance to DDT 
The multiply-resistant MA-R strain was highly resistant 
to DDT (Fig. 4.2). This cross-resistance could be due to a 
number of different resistance mechanisms. However, the PE- 
R strain, which has a genome approximately 96% that of the 
SS strain (Argentine et al. 1989a), was also cross-resistant 
to DDT (Fig. 4.2). It is doubtful that metabolic factors are 
involved in this cross-resistance, since DDT and permethrin 
have very different structures. This indicates that site- 
insensitivity may also be a mechanism in permethrin- 
resistance in CPB, since most factors from the MA-R strain 
not associated with permethrin resistance would not be 
present in the isogenic PE-R strain. The difference in 
resistance levels between the PE-R and MA-R strains (Table 
4.6) may be due to other DDT-resistance mechanisms present 
in the MA-R strain that were bred out in the backcrossing 
procedure used to establish the PE-R strain. 
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Conclusions 
Permethrin resistance in the PE—R strain of CPB appears 
to be due principly to increased carboxylesterase activity 
(e.g., permethrin hydrolase) and possibly site- 
insensitivity. Evidence indicates that this increase in 
hydrolytic activity is due to an increase of one of a few 
carboxylesterases, rather than a general increase or 
amplification of many esterases. General esterase activity 
in the PE-R strain was only slightly enhanced, while 
carboxylesterase activity was significantly higher (Table 
4.1). Eserine and PHMB inhibited esterases not involved in 
permethrin-resistance in the carboxylesterase assay, and 
allowed the change in activity of the PE-R strain to be 
distinguished from the SS strain. This supports the 
contention that it is not a general increase or 
amplification of total esterase content responsible for 
permethrin resistance, but rather a change in a single 
esterase. 
The kinetic constants of carboxylesterase activity 
(i.e., Vmax and Km) indicate that carboxylesterase content 
has increased in the PE-R strain, while the carboxylesterase 
has not changed (Fig. 4.1). In Egyptian cotton leafworm, 
pyrethroid resistance was also associated with an increase 
vmax °f esterase activity, although Km was also increased 
(Riskallah 1983) . 
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The carboxylesterase also appears to be membrane- 
associated. Permethrin hydrolysis was significantly higher 
in the microsomal fraction pretreated with PBO, indicating 
hydrolysis rather than oxidative ester cleavage (Table 4.1). 
Also, the assays comparing microsomal and oxidative ester 
cleavage of p-nitroacetate (Table 2.1) tend to support this, 
since most of the activity to this substrate appeared to be 
hydrolytic rather than oxidative. If DFP had been used to 
inhibit esterases in this assay rather than DEF, the 
difference between the two strains would probably have been 
more obvious, since DEF only inhibits approximately 4 0% of 
esterase activity in CPB, while DFP inhibits nearly all 
esterase activity (Lin, unpublished data). Finally, 
permethrin hydrolysis did occur in the soluble fraction, but 
at a lower rate compared to the microsomes and with no 
significant difference between strains. This indicates that 
soluble esterases may metabolize permethrin but do not play 
a role in permethrin-resistance in the PE-R strain. 
The monooxygenases of CPB appear capable of 
metabolizing permethrin. Although total ester cleavage 
products were lower in microsomes treated with DFP (i.e., 
oxidative) compared to those treated with PBO (i.e., 
hydrolytic), overall more metabolites were produced in the 
oxidative assay due to the additional formation of HO-per 
(Table 4.5). However, since there was no highly significant 
difference in permethrin metabolism between the susceptible 
and resistant strains, it is doubtful that monooxygenases 
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are permethrin-resistance mechanisms for these strains. 
This is the probable reason for the high levels of synergism 
to PBO in both susceptible and permethrin-resistant strains 
of CPB, since both appear to be able to metabolize 
permethrin at the same rate. 
Although the SS strain had a high level of synergism to 
PBO (SR 10), it was not as high as in the PE-R and MA-R 
strains (SR 39 & 51, respectively, Argentine et al. 1989a). 
The reason for this increase in synergism may be due to the 
enhancement of ester cleavage in hydroxylated permethrin 
(i.e., HO-per) as seen in mammals (Shono et al. 1979, Hutson 
et al. 1981) and insects (Little et al. 1989). The use of 
PBO would prevent hydoxylation, and so would slow the rate 
of ester cleavage. This effect would be more pronounced in 
the permethrin-resistant strains due to the significantly 
higher activity levels of ester hydrolysis of these strains. 
Cross-resistance to DDT in the MA-R and more 
importantly the PE-R strain provides strong proof that a 
site-insensitivity mechanism may also play a role in 
permethrin-resistance in these strains. However, 
^iectrophysiologica1 data is necessary to prove conclusively 
that nerve—insensitivity is a mechanism in permethrin- 
resistance of CPB. 
It is still not apparent why the MA-R strain is more 
resistant than the PE-R strain. There may be another 
mechanism involved in permethrin-resistance that was not 
revealed in these experiments, or modifying factors may be 
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present in the MA-R strain that were bred out in the PE-R 
strain. It is not known at this time if one or both 
resistance mechanisms are sex-linked. This will be an 
interesting area of investigation in the future, as will be 
the isolation and characterization of the carboxylesterase 
responsible for permethrin-resistance. Another area of 
future investigation will be to determine if the effects of 
the resistant carboxylesterase and site-insensitivity 
mechanism are multiplicative or additive in nature. This 
could be accomplished by backcrossing the PE-R strain to the 
SS strain and selecting strains that have either enhanced 
carboxylesterase activity or the site-insensitivity 
mechanism. 
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^ Table 4.1 In vitro metabolic activities of fourth instar 
larvae of the susceptible (SS) and permethrin-resistant 
(PE-R) strains of CPB. 
Assays SS PE- •R 
(nmole/min/mg protein ± SD) 
Glutathione-S- 
Transferases(4)a 
CDNB 72.9 ± 11.5 81.7 ± 20.2 
DCNB 7.1 ± 0.8 6.1 + 0.8 
General Esterases(6) 
a-Napthyl acetate 650.7 ± 55.4 800.2 ± 237.0 
a-Napthyl butyrate 906.9 + 253.4 1102.1 ± 328.3 
Carboxvlesterases(6)a 
a-Napthyl acetate 115.1 ± 24.4 131.3 ± 50.1 r* 
a-Napthyl butyrate 75.3 ± 21.2 107.4 ± 16.8C 
Aliesterases(6) 
Methylthiobutyrate 10.5 ± 1.3 10.9 ± 0.4 
Oxidases(4) 
O-demethylation 
p-nitroanisole 138.6 ± 38.1 164.2 ± 51.5 
Methoxyresorufin n. d. a n. d • 
Microsomal ester 
cleavage 68.5 ± 32.5 91.0 ± 22.5 
Oxidative ester 
cleavagee 23.5 ± 5.5 15.0 ± 4.0 
Biphenyl hydroxylation n. d [. n. < d. 
NADPH-reductase 4.6 ± 2.0 6.5 ± 1.8 
(pmole/mg protein + SD) 
Cytochromes(6) 
P42 0 147.2 ± 39.6 189.6 ± 71.5 
P450 334.7 ± 81.8 172.5 + 38.2C 
b5 235.0 ± 29.8 242.9 + 19.4 
j* Number of replicates in parantheses (N) . 
Carboxylesterase activity measured by inhibiting 
acetylcholinesterase with eserine (0.1 mM) and 
arylesterases with PHMB (0.1 mM). 
c Significantly different from the SS strain, t test, P < 
o.os. 
Not detectable. 
e Oxidative ester cleavage of p-nitroacetate was measured by 
inhibiting membrane associated esterase activity with DEF 
(0.1 mM). 
62 
Table 4.2 Kinetic analysis of carboxylesterase activity to 
a-napthyl butyrate for larvae of the susceptible (SS) and 
permethrin-resistant (PE-R) strains of CPB. 
Kinetic Constants SS PE-R 
Km (MM) 145.1 ± 11.1 167.5 ± 13.7 
Vmax (nmoles/min/mg prot.) 122.2 ± 5.1 182.8 ± 13.6a 
a Significantly different from the SS strain, t test, P < 
0.05, N=3. 
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Table 4.3 Pharmocokinetics of [14C]permethrin (10 ng/larva) 
in fourth-instar larvae of the susceptible (SS) and 
permethrin-resistant (PE-R & MA-R) strains of CPB. 
Post-treatment SS PE-R MA-R 
interval (hr) 
(% of total applied dose + SD)a 
External 
Rinse 
0 98.2 + 1.0 
1 42.6 + 4.6 
2 35.4 + 10.5 
6 19.9 + 10.3 
Internal 
Extract 
0 1.0 + 0.2 
1 15.8 + 5.1 
2 17.0 + 4.8 
6 11.2 + 3.3 
Excrement 
Extract 
0 — 
1 22.1 + 7.8 
2 21.2 + 0.8 
6 31.3 + 7.2 
Unextractable 
Excrement 
0 — 
1 3.8 + 1.0 
2 7.1 + 1.0 
6 18.9 + 5.5 
95.2 + 3.2 96.7 + 2.0 
42.1 + 6.5 43.6 + 5.1 
31.4 + 8.3 33.8 + 10.6 
23.9 + 9.9 18.3 ± 6.2 
0.8 + 0.3 1.2 + 1.0 
14.1 + 5.1 14.6 + 5.9 
16.0 + 3.1 16.8 + 4.5 
13.9 + 2.4 12.4 + 3.0 
19.1 + 4.6 21.8 + 7.5 
27.7 + 4.4 25.7 + 5.5 
22.0 + 3.9 29.8 + 11.6 
3.3 + 2.1 5.0 + 2.5 
10.0 + 3.0 10.9 + 5.8 
20.6 + 7.4 23.0 + 7.2 
a 
No significant difference between strains using t test, 
P<0.05, N=3. 
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Table 4.4 Levels of [14C]phenoxybenzyl alcohol (PBA) formed 
in vivo by fourth-instar larvae of the susceptible (SS) and 
permethrin-resistant (PE-R & MA-R) strains of CPB. 
Time Interval SS PE-R MA-R 
Internal 
2 hr 
6 hr 
(% PBA formed from original dose + SD) 
2.60 ± 0.96 
2.51 + 0.52 
3.76 ± 2.11 
3.93 + 0.82a 
3.00 ± 1.24 
3.71 + 1.16b 
Excrement 
2 hr 3.36 ± 1.77 
6 hr 3.02 + 1.02 
7.00 ± 1.52a 6.73 ± 1.89a 
4.29 + 1.65 3.54 + 1.30 
a Significantly different from the SS strain, t-test, P < 
0.05, N=4. 
k Significantly different from the SS strain, t-test,P < 
0.10, N=4. 
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Table 4.5 In vitro metabolism of [14C]permethrin by various 
subcellular fractions from larvae of the susceptible (SS) 
and permethrin-resistant (PE-R & MA-R) strains of CPB. 
Subcellular SS PE-R MA-R 
Fraction 
(pmole/hr/mg protein + SD) 
13,000C7 
Supernatant 
(+PBO) 
PBA 10.9 + 1.1 8.9 + 3.7 7.7 + 1.2 
PBacid 19.8 + 5.6 20.9 + 6.0 18.1 + 8.9 
Total 30.7 + 4.9 29.9 + 9.0 25.7 + 7.5 
Microsomes 
(+PBO) 
PBA 13.0 + 5.1 10.2 + 1.3 10.3 + 1.2 
PBacid 57.2 + 14.7 91.3 + 11.0a 74.9 + 5.8 
Total 70.2 + 13.8 101.5 + 11.8a 85.1 + 5.6 
Microsomes 
(+NADPH / DFP) 
Ester Cleavage 
Products 
PBA 8.0 + 5.1 7.1 4- 1.3 5.8 + 1.2 
PBacid 45.5 + 8.7 70.6 + 
19*°k 57.9 + 13.6 Total 53.5 + 8.8 77.7 + 19.3b 63.7 + 13.9 
HO-per 47.2 + 4.7 65.4 + 12.8a 52.1 + 12.0 
Significantly different from the SS strain, t-test P < 
0.05, N=4. ' 
Significantly different from the SS strain, t-test,P < 
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Table 4.6 Log-dose versus logit mortality regressions of 
DDT and permethrin to fourth-instar larvae of the 
susceptible (SS) and permethrin-resistant (PE-R & MA-R) 
strains of CPB. 
Strains N LD50(CL)a Slope*3 RRC 
Hq DDT/larvae 
SS 246 4.47 (1.60-9.89) 1.83(0.25) 
PE-R 430 38.92(19.18-208.1) 1.51(0.22) 9 
MA-R 183 >124.62 1.24(0.46) 29 
Mg Permethrin/larvae 
SS 187 0.06 (0.053-0.083) 2.25(0.74) 
PE-R 448 1.13 (0.743-1.535) 0.96(0.19) 19 
MA-R 547 3.33 (2.564-4.686) 1.36(0.22) 55 
b 95* confidence interval limit (CL) in parentheses. 
c Standard error of mean (SEM) in parentheses. 
Resistance ratio = LD50(R)/LD50(S). 
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Fig. 4.1 - Lineweaver-Burk double reciprocal plot of 
carboxylesterase activity (a-napthyl butyrate hydrolysis) in 
the susceptible (SS) and permethrin-resistant (PE-R) strains 
of CPB. 
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Fig. 4.2 - Log-dose logit mortality curves of DDT. Fourth- 
instar larvae of the susceptible (SS) and permethrin- 
resistant strains (PE-R & MA-R) were used. 
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CHAPTER V 
ABAMECTIN RESISTANCE 
Results and Discussion 
Population Genetics of Abamectin Resistance 
Classic backcrossing techniques were used to determine 
the number of factors involved in abamectin-resistance, 
although determining the number of factors with this method 
is difficult when the SS and F± mortality lines overlap 
(Georgiou 1969). The second backcross of the AB-Fd strain 
(AB-Fd Bc2) showed no significant difference from the 
predicted monogenic curve (x2=0.91;df=2;P=0.633) (Fig 5.1). 
The following backcross generation (AB-Fd Bc3) was 
significantly different from the predicted monogenic curve, 
although the probability value was only slightly less than 
0.05 (x2=6.30;df=2;P=0.043). The AB-Fd Bc3 cross was also 
significantly different from the AB-Fd Bc2 
(*2=14.08;df=2;P=0.001). These two differences indicate 
that abamectin-resistance is probably polyfactorial in this 
strain. The difference between the predicted monogenic 
curve and the AB-Fd Bc3 curve would have probably increased 
if succeeding backcrosses (i.e., AB-Fd Bc4_6) had been 
performed. 
The AB L Bc2 cross showed no significant difference 
from the predicted monogenic curve (x2=3.45;df=2;P=o.178) 
(Fig. 5.2). The AB-L Bc3 cross also was not significantly 
different from the predicted monogenic curve 
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(x2=5.18;df=2;P=0.075), although the slopes of these two 
curves were significantly different (x^=4.29;df=l;P=0.038) . 
The two probability values (i.e., P) generated in this 
comparison were both very close to 0.05, making it difficult 
to distinguish inheritance as mono- or polyfactorial. 
However, comparison of the AB-L BC2 and AB-L BC3 
demonstrated a significantly high level of difference 
between the two crosses (x2=22.94;df=2;P<0.001), indicating 
polyfactorial inheritance of abamectin-resistance in the AB- 
L strain as demonstrated in the AB-Fd strain. It is likely 
that continued backcrossing would have resulted in curves 
increasingly different from the predicted monogenic curve. 
Dieldrin Cross-resistance 
No cross-resistance to dieldrin was evident in the MA-R 
or abamectin-resistant strains as measured by resistance 
ratio (Table 5.1). This does not rule out the possibility 
of a site-insensitivity resistance mechanism, since dieldrin 
binds to a different site on the GABA-chloride channel. An 
alteration in one binding site may or may not have an 
allosteric effect on the other binding site. So far, no 
cross-resistance to abamectin was observed in dieldrin- 
resistant strains where site-insensitivity was the mechanism 
(Roush and Wright 1986, Beeman and Stuart 1990). Whether or 
not abamectin-resistant strains with altered GABA-chloride 
channels will exhibit cross-resistance to dieldrin remains 
to be seen. 
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Although the LDsq's of the four strains, including AB- 
Fd, were very similar, the slope of the AB-Fd strain curve 
was nearly significantly different from the SS strain slope 
by the likelihood ratio test (x2=3.73;df=l;P=0.054). In 
comparison, the P value for the difference between the SS 
and AB-L slope was 0.854. Moreover, the confidence 
intervals of the slopes of the SS and AB-Fd strains were 
non-overlapping (Table 5.1). This change of slope in the 
mortality curve of the AB-Fd strain could be an artifact of 
the bioassay, or it may be the result of an altered GABA- 
chloride channel causing a change in the binding of dieldrin 
to the GABA-chloride channel. An altered GABA-chloride 
channel could be the reason why the AB-Fd strain is slightly 
more tolerant to abamectin than AB-L (23-fold compared to 
15-fold, respectively) (Table 5.1). Chloride-flux studies 
will definitively demonstrate whether site-insensitivity is 
a mechanism in abamectin resistance in either of the 
abamectin-resistant strains. 
In Vivo Synergism of Abamectin 
PBO produced very high levels of synergism to abamectin 
in both abamectin-resistant strains (Table 5.2). The level 
of synergism to PBO was higher than that found in the AZ-R 
and PE-R strains to azinphosmethyl and permethrin, 
respectively (Argentine et al. 1989a). The SR's of the AB- 
Fd and AB-L strains (19 and 15, respectively) were twice 
that of a house fly strain whose cross-resistance to 
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abamectin was due in part to oxidative mechanisms (Scott 
1989). PBO also synergyzed abamectin in the SS strain, but 
at a much more reduced level relative to the abamectin- 
resistant strains. This is shown in the high R%S of the 
abamectin-resistant strains (68 and 70, AB-Fd and AB-L) 
(Table 5.2). The dose-mortality curve of the PBO treated 
AB-Fd strain was not significantly different from the SS 
strain treated with abamectin alone at P = 0.05 but was 
significantly different at P = 0.01 (x2=8.80 ;df=2 ;P=0.012) 
(Fig. 5.3). The dose-mortality curve of the PBO treated AB- 
L strain was not significantly different from the SS strain 
treated with abamectin alone at P = 0.05 (x^=3. ll;df=2 ;P = 
0.211, Fig. 5.4). This high level of synergism in CPB 
contrasts with research on Lepidoptera, where little PBO 
synergism to abamectin was observed in Heliothis virescens 
or Spodoptera eridania (Anderson et al. 1986). 
The synergist DEF had a moderate level of synergism in 
both abamectin-resistant strains (SR = 5) and little in the 
SS strain (SR = 2). Although this synergism is not of the 
same magnitude as PBO, this increase in the SR of the 
abamectin-resistant strains could possibly indicate esterase 
involvement in abamectin resistance. 
The GST inhibitor DEM essentially had no effect on 
abamectin toxicity (Table 5.2). 
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General Metabolic Substrate Assays 
Cytochrome P450 levels were significantly elevated in 
the two abamectin-resistant strains (Fig. 5.5, Table 5.3). 
This compliments work done in mammals where avermectin 
metabolism was principally oxidative (Maynard et al. 1990), 
as well as abamectin-resistance in the house fly that was 
partially due to monooxygenases (Scott 1989) . Oxidative 
activity was not increased in any of the oxidative 
substrates tested, particularly methoxyresorufrin O- 
demethylation (Table 5.3). Often insect microsomes will 
show little or no detectable levels of activity to this 
substrate (Marcus et al. 1986), unlike chemically induced 
insects (Brattsten et al. 1986) or resistant insects with 
increased levels of Cytochrome P450 (Scott et al. 1990). 
The Cytochrome P450 produced in the abamectin-resistant 
strains may have no activity towards methoxyresorufrin, as a 
purified Cytochrome P450 isolated from house fly 
demonstrated (Ronis et al. 1988). Also, unlike resistant 
house fly strains with increased levels of cytochrome P450, 
there was no increase in cytochrome c reductase activity or 
cytochrome b5 (Scott et al. 1990). Since cytochrome P450 is 
coupled with cytochrome c reductase, an increase in 
Cytochrome P450 probably should have an increase in 
cytochrome c reductase activity. A possible alternative 
explanation for the increase in the cytochrome P450 peak is 
that the abamectin-resistant strains have a different 
isozyme of P450 which is not as easily denatured in the 
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testing system. However, there was only a slight, non¬ 
significant level of increase in the denatured P420 form in 
the SS strain (Table 5.3). Further research is needed to 
clarify these results. 
There was a significant and high degree of difference 
between the susceptible and abamectin-resistant strains in 
general esterase and carboxylesterase activity (Table 5.3). 
This was most apparent in the carboxylesterase assay, where 
there was over a 2-fold increase in carboxylesterase 
activity to a-napthyl butyrate in both abamectin-resistant 
strains. The overall increase in general esterase activity 
indicates that either a higher level of esterase is being 
produced or an esterase of enhanced activity has been 
selected rather than a change in substrate specificity of 
the esterase. The Lineweaver-Burk reciprocal plot of 
carboxylesterase activity (Fig. 5.6) confirms this, since 
the Vmax is higher (2.5-fold) in the abamectin-resistant 
strains but the Km is equal in the SS and abamectin- 
resistant strains (Table 5.4). 
There was no difference in GST metabolism between the 
susceptible and abamectin-resistant strains (Table 5.3). 
Pharmocokinetics of Abamectin 
Cuticular penetration of abamectin (Table 5.5) was 
approximately the same as that of permethrin (Table 4.3), 
with about 15-25% of the compound remaining on the surface 
after 6 hr. The high level of lipophilicity of both 
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compounds is the probable reason for the retention of both 
compounds in the cuticle, although some radiolabelled 
material that was excreted may also have rubbed off onto the 
beetle while in the holding vial. There was a significant 
difference between the AB-L and SS strain at 6 hr in the 
amount of compound left on the cuticle. However, since this 
was not present in the AB-Fd strain and the difference in 
the AB-L strain was slight and only at 6 hr, it is likely 
that this difference is from excrement that had rubbed back 
onto the insect, particularly since the AB-L had a higher 
level of radiolabelled compounds in the excrement at 6 hr 
(Table 5.4). At 6 hr, both AB-Fd and AB-L had significantly 
lower levels of radiolabelled compound internally and higher 
levels in the excrement (Table 5.4). This could be caused 
by a higher excretion rate of parent compound, or the higher 
level of excretion could be due to an increase in the level 
of water-soluble metabolites which are more easily 
excretable. HPLC analysis of the excrement at 6 hr revealed 
no significant difference of [3H]avermectin Bla levels in 
excrement at 6 hr, but found significantly higher levels of 
3"desmethyl, 24-OH, and an unidentified metabolite which 
eluted off the reversed-phase column at 14-15 min (Fraction 
14)(Table 5.6). Although the majority of the compound was 
excreted as parent in all strains, the increased levels of 
water-soluble, oxidative metabolites strongly indicate that 
this is a resistance mechanism in the AB-Fd and AB-L 
strains. The AB-Fd strain had slightly elevated levels of 
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all metabolites, which may explain why the AB-Fd had a 
slightly higher tolerance of abamectin compared to the AB-L 
strain (Table 5.1). The AB-L strain had significantly 
higher 24-OH and fraction 14, but did not have a higher 
level of 3"desmethyl. This low level of 3"desmethyl in the 
AB-L strain may have been due to a relatively low minimal 
extraction efficiency (i.e., 80% of original dose applied) 
of abamectin or error problems associated with the low 
levels of metabolite formed. 
The major metabolite formed in all strains was 
3"desmethyl, as in mammals (Chiu et al. 1984, Maynard et al. 
1990). However, unlike mammals, fraction 14 was produced at 
the same level as 24-OH, regardless of the strain (Table 
5.4). Obviously, fraction 14 has a water solubility 
intermediary between 24-OH and 3"desmethyl, since these two 
compounds eluted off the reversed-phase HPLC column at 6 and 
19 min, respectively. 
In Vitro Metabolism of Avermectin Bla 
The in vitro metabolism of [3H]avermectin Bla produced 
similar results as in the in vivo studies (Table 5.6). The 
3"desmethyl metabolite formation was elevated 2.3-fold and 
1.9-fold in the AB-Fd and AB-L strains, respectively. Both 
fraction 14 and 24-OH were not detectable above background 
in the SS strain, while both abamectin-resistant strains had 
detectable levels of these metabolites. These metabolites 
are formed by monooxygenases, since PBO treated microsomes 
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produced no metabolites in any strain, including fraction 
14. 
Conclusions 
Resistance to abamectin in both abamectin-resistant 
strains appears to be oxidative and possibly involve 
esterases. The high levels of PBO synergism, elevated 
levels of cytochrome P450, and increased levels of oxidative 
metabolites both in vivo and in vitro prove conclusively 
that monooxygenase activity is partially responsible for 
abamectin-resistance in these two strains. It is odd that 
the increase in oxidative activity did not have a 
corresponding increase in O-demethylation or ester cleavage 
activity (Table 5.3). The particular cytochrome P450(s) 
produced in the abamectin-resistant strains may have a 
specificity or higher activity for abamectin with no similar 
increase in activity towards the substrates used in the 
chromogenic assays. This contrasts with pyrethroid- 
resistant house flies, where pyrethroid resistance was 
correlated with higher activities towards chromogenic 
substrates (Scott et al. 1990). The level of metabolites 
formed was low in all strains, particularly in vitro, 
compared to azinphosmethyl and permethrin metabolism (Tables 
3.4, 4.5, & 5.6). This may be due to the amphipathic nature 
of abamectin and non-specific binding in the microsomal 
membrane. However, the differences between the SS and the 
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abamectin-resistant strains in the amount of oxidative 
metabolites produced make it clear that oxidative metabolism 
is a resistance mechanism. 
The effectiveness of PBO as a synergist in the 
abamectin-resistant strains indicates that PBO and other 
oxidative synergists might be quite useful in preventing 
oxidative mechanisms from evolving in pest populations. 
Also, PBO could be used to control resistant pest 
population. Finally, new avermectins can be developed that 
may hinder oxidative metabolism at sites prone to attack, 
such as the 3"methoxy site (Mrozik et al. 1989). 
Since abamectin-resistance is polyfactorial (Figs. 
5.1 & 5.2), monooxygenases can not be the only mechanism 
involved in resistance. Evidence suggests carboxylesterases 
may also be involved in abamectin-resistance. Synergism to 
DEF was not as high as it was to PBO, but was higher in the 
abamectin-resistant strains compared to SS (Table 5.2). 
Carboxylesterase activity was much higher in the abamectin- 
resistant strains than the SS strain (Fig. 5.5). The Vmax 
of the abamectin-resistant strains was elevated 1.6-fold in 
comparison to the PE-R strain, which is resistant to 
permethrin principally because of carboxylesterases. 
Clearly, since the AB-Fd and AB-L strains are not cross- 
resistant to permethrin and the permethrin-resistant MA-R 
strain is not resistant to abamectin (Argentine et al. 
1990), the abamectin-resistant strains possess a different 
carboxylesterase from the PE-R strain. No radiolabelled 
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hydrolysis products of abamectin were observed due to the 
instability of hydrolyzed abamectin, since hydrolyzed 
abamectin will reform abamectin readily under normal 
extraction procedures (Louis Crouche, personal comm.)* 
Another possible explanation is that the high 
carboxylesterase activity is linked to increased 
monooxygenase activity through a regulatory mechanism that 
"turns on" a variety of metabolic enzymes (Armstrong and 
Suckling 1990), and that the increase in carboxylesterases 
is incidental. The role of carboxylesterases in abamectin- 
resistance could be determined through the use of 
diazomethane. This strong methylating agent would methylate 
the carboxylic acid formed by hydrolysis prior to extraction 
and so prevent reformation of the lactone ring and 
abamectin. Under controlled conditions, diazomethane 
methylates only carboxylic acids and not phenols (Ueda et 
al. 1975). Since there are no carboxylic acids in abamectin 
diazomethane would be expected to only react with hydrolyzed 
abamectin and only at the site of hydrolysis in the lactone 
ring. 
Alternatively, carboxylesterases may be acting as a 
sequestering agent against abamectin. A carboxylesterase in 
Myzus persicae has been shown to act as a sequestering agent 
against a variety of insecticides (Devonshire and Moores 
1982). This could be proven by observing recovery time 
(i.e., rate of hydrolysis) of carboxylesterases incubated 
with excess abamectin. A slow recovery would indicate that 
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abamectin is being bound to carboxylesterase, while a fast 
recovery time would indicate that abamectin is being 
hydrolyzed. Also, Lineweaver-Burk reciprocal plots of 
carboxylesterase activity at different inhibitor (i.e., 
abamectin) concentrations would also determine if abamectin 
is being hydrolyzed or sequestered. If km remains the same 
but Vmax changes at different inhibitor concentrations 
sequestration is probably occurring, since this would 
resemble either noncompetitive or irreversible inhibition. 
If km changes at different inhibitor concentrations while 
Vmax remains the same abamectin would be considered a 
competitive inhibitor. Competitive inhibition would 
indicate abamectin hydrolysis, since the active site of the 
carboxylesterase is open after abamectin hydrolysis and 
competition between abamectin and a-napthyl butyrate would 
occur for the site (Segel 1976). These experiments would 
conclusively determine the role carboxylesterases are 
playing in abamectin-resistance. 
It remains to be seen if site-insensitivity is a 
mechanism in either abamectin resistant strains. Clearly, 
GABA-chloride flux studies need to be done to determine if 
site-insensitivity is a mechanism in abamectin-resistance. 
Sti.il/ the change in the slope of the mortality curve of the 
AB-Fd strain may possibly indicate an altered site. 
The results of these experiments clearly indicate that 
both AB-Fd and AB-L strains have the same mechanisms (i.e., 
enhanced monooxygenase and esterase activity) of resistance 
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to abamectin. This demonstrates the utility of using ethyl 
methanesulfonate (EMS) and appropriate selection techniques 
(i.e., abamectin selection at an LD99 dose level) as a means 
to generate resistance prior to the commercial use of an 
insecticide. It is particularly interesting to note that 
polyfactorial resistance developed with EMS, which causes 
point mutations. EMS may have caused both mutations, or one 
mutation may have been caused by EMS and the other selected 
for in the selection procedure. This demonstrates the 
importance of utilizing proper selection techniques to be 
used in conjunction with EMS. Besides polygenic resistant 
insect strains, drug resistant cell lines have also been 
developed by using EMS in conjunction with specific 
selection procedures that contain both a point mutation and 
gene amplification (Shen et al. 1986). Clearly, nearly any 
type of resistance mechanism can be produced through the use 
of EMS, making this a potentially powerful tool for 
resistance management studies and strategies. 
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Table 5.2 Effect of metabolic synergists on the toxicity of 
abamectin in fourth-instar larvae of the susceptible (SS) 
and abamectin-resistant (AB-Fd & AB-L) strains of CPB. 
Strain N LD50(95% Cl) Slope(SEM) SRa R%Sb 
SS 540 
(ng/beetle) 
1.95 (1.47-2.31) 6.56 (0.97) 
DEF 287 0.96 (0.80-1.15) 3.73 (0.45) 2 21 
DEM 287 1.62 (1.08-2.39) 3.26 (0.37) 1 18 
PBO 288 0.61 (0.34-1.01) 5.37 (0.67) 3 21 
AB-Fd 482 45.30(32.60-56.20) 4.68 (0.65) 
DEF 305 8.87 (5.84-11.61) 5.89 (1.06) 5 42 
DEM 311 23.72(19.67-28.68) 3.42 (0.34) 2 19 
PBO 245 2.40 (1.92-2.88) 4.85 (0.70) 19 68 
AB-L 568 29.40(23.90-34.42) 5.08 (0.56) 
DEF 268 5.66 (2.84-7.90) 4.66 (0.91) 5 48 DEM 302 10.40 (8.74-12.34) 3.90 (0.43) 2 35 PBO 237 1.94 (1.40-2.62) 4.84 (0.64) 15 70 
SR — LD50/SLD50. 
R%S(S) = 100[log LD5q(S)-log sLD5o(S)]/ 
sLD50(S); R%S(R) = 100[log LD50(R)-log 
LD50(R)-log sLD50(S). ' 9 
[log LD5o(R)-log 
sLD50(R)]/[log 
H>
 
(D
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Table 5.3 In vitro metabolic activities of fourth-instar 
larvae of the susceptible (SS) and abamectin-resistant 
(AB-Fd & AB-L) strains of CPB. 
Assays SS AB-Fd AB-L 
Glutathione-S- 
Transferase(5)a 
CDNB 
DCNB 
(nmole/min/mg protein + SD) 
129.4+ 12.9 
8.0+ 0.9 
General EsterasesM) 
a-Napthyl acetate 356.5+ 39.9 
a-Napthyl butyrate 450.0+ 72.3 
Carboxvlesterases(4)c 
a-Napthyl acetate 77.7+ 
a-Napthyl butyrate 
6.7 
73.3+ 17.2 
Aliesterase 
Methylthiobutyrate 
Oxidases(4) 
O-demethylation 
p-nitroanisole 
Methoxyresorufin 
Microsomal ester 
cleavage 
Oxidative ester 
cleavage^ 
Biphenyl 
hydroxylation 
NADPH-reductase 
7.7+ 0.7 
143.9+ 10.5 
9.1+ 0.9 
516.6+ 11.5 
689.4+ 63.51 
97.6+ 12.6( 
150.7+ 43.81 
7.2+ 1.7 
140.2± 
8.6 + 
6.5 
0.3 
505.7+ 37.4 
711.0+ 0.3 
117.2+ 8.1 
193.7+ 20.3 
8.6+ 1.9 
138.2+ 45.0 
n. d. e 
124.5+ 51.6 
25.6+ 6.7 
n.d. 
36.9+ 9.2 
158.8+ 45.0 
n.d. 
118.9+ 42.5 
n.d. 
123.4+ 26.9 118.0+ 17.5 
28.3+ 9.2 
n.d. 
39.2+ 13.6 
20.9+ 5.7 
n.d. 
43.3+ 6.5 
Cytochromes(6) 
P420 
P450 
b5 
(pmole/mg protein + SD) 
139.2+ 79.7 
240.2+ 79.4 
264.3+ 35.1 
108.8+ 32.3 116.4+ 28.8 
457.5+140.3d 388.8+113.9( 
b dumber of rePlicates in parantheses (N). 
c Sl<?mficantly different from SS strain t test P^n m 
Carboxylesterase activity measured by inhibitina 
acetylcholinesterase with eserine (CK1 mM) and 9 
d arylesterases with PHMB (0.1 mM). ' 
Notndetec?edy different from SS strain, t test, P<0.05. 
membraneeaslocLtedaes?erasesmactivft ^ inhibiti^ With DEF (0.1 mM) esterases activity to p-nitroacetate 
cr
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Table 5.4 Kinetic analysis of carboxylesterase activity to 
a-napthyl butyrate for larvae of the suceptible (SS) and 
abamectin-resistant (AB-Fd & AB-L) strains of CPB. 
Kinetic Constants SS AB-Fd AB -L 
Km (tM) 
vmax (nmoles/ 
min/mg protein) 
150.2 ± 
118.2 ± 
22.2a 144.3 ± 32.0 
26.9 281.7 + 18.8b 
132.8 ± 
296.7 ± 
33.2 
35.8b 
Standard deviation. 
Significantly different from the SS strain, t test, P< 
0.01, N=3. 
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Table 5.5 Pharmocokinetics of [3H]Avermectin B^a 
(0.46ng/larva) in fourth-instar larvae of the susceptible 
(SS) and abamectin-resistant (AB-Fd & AB-L) strains of CPB. 
Post-treatment SS AB-Fd AB-L 
Interval (hr) 
(% of total applied dose ± SD) 
External 
Rinse 
0 90.2 + 5.0 93.2 + 3.2 94.7 + 3.0 
1 40.6 + 6.7 49.8 + 10.9 49.2 + 4.3 
2 34.3 + 4.7 33.7 + 2.8 32.8 + 2.1 
6 15.8 + 2.3 17.2 + 3.8 22.2 + 3 . la 
Internal 
Extract 
0 2.0 + 1.8 1.2 + 0.9 1.2 + 1.0 
1 21.8 + 5.2 19.1 + 7.3 25.2 + 7.0 
2 26.1 + 4.6 22.9 + 8.2 21.8 + 1.8 
6 37.6 + 4.7 23.6 + 5.8a 25.3 + 1.7a 
Excrement 
Extract 
0 
1 18.3 + 11.0 19.3 + 3.8 22.4 + 4.2 
2 30.3 + 12.2 36.4 + 8.6 26.2 + 0.9 
6 27.8 + 2.0 42.2 + 11.7a 35.3 + 5 . la 
a Significantly < different from the SS strain, t test, P< 
0.05, N=4. 
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Table 5.6 In vivo and in vitro metabolism of [JH]Avermectin 
Bla by susceptible (SS) and abamectin-resistant (AB-Fd & 
AB-L) strains of CPB. 
Assay and SS AB-Fd AB-L 
Metabolites 
(% of applied dose in sample + SD) 
In Vivoa 
Avermectin B±a 32.71 + 3.61 35.80 + 5.50 33.35 + 4.45 
3"Des-methyl 1.26 + 0.18 2.30 + 0.28^ 1.51 + 0.19 
2 4-OH 0.45 + 0.01 1.16 + 0.21b 0.87 + 0.21 
Fraction 14 0.58 + 0.03 1.83 ± 0.69c 1.50 + 0.50 
In Vitro 
Microsomes 
(NADPH) 
Avermectin B^a 77.00 ± 5.03 64.30 ±11.07 72.19 + 8.40 
3"Des-methyl 2.72 ± 0.21 6.37 ± 0.01" 5.21 + 0.72 
2 4-OH N. D. 1.50 + 0.75b 0.72 + 0.27 
Fraction 14 N.D. 3.33 + 1.00b 1.34 + 0.74 
a Extract from excrement collected from CPB at 6 hr, N=3. 
[3H]Avermectin Bla was applied at 0.46ng/larva. 
b Significantly different from the SS strain, t test, P< 
0.01, N=3. 
c Significantly different from the SS strain, t test, P< 
0.05, N=3. 
d Not detected. 
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Fig 5.1 - Log-dose versus logit mortality regressions of 
^h^th4-^nftar •CPB larvae of the susceptible (SS) and 
abamectin-resistant (AB-Fd) strains, pooled reciprocal Fi 
crosses, backcross generations 2 and 3, and the predicted 
backcross response for monofactorial inheritanceP 
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Fig. 5.2 - Log-dose versus logit mortality regressions of 
fourth-instar CPB larvae of the susceptible (SS) and 
abamectin-resistant (AB-L) strains, pooled reciprocal F]_ 
crosses, backcross generations 2 and 3, and the predicted 
backcross response for monofactorial inheritance. 
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Fig. 5.3 - Log-dose versus logit mortality regressions of 
fourth-instar CPB larvae of the susceptible (SS) and 
abamectin-resistant (AB-Fd) strains to abamectin and 
abamectin + PBO. 
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Fig. 5.4 - Log-dose versus logit mortality r^®s^°nS °f 
fourth instar CPB larvae of the susceptible (SS) an 
abamectin-resistant (AB-L) strains to abamectin and 
abamectin + PBO. 
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Fig. 5.5 - Typical carbon monoxide - reduced cytochrome P450 
difference spectrum of CPB microsomes prepared from fourth- 
instar larvae of the susceptible (SS) and abamectin- 
resistant strain (AB-L). 
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Fig. 5.6 - Lineweaver-Burk double reciprocal plot of 
carboxylesterase activity (a-napthyl butyrate hydrolysis) in 
the susceptible (SS) and abamectin-resistant strains (AB-Fd 
& AB-L) strains of CPB. 
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